1. The metric prefixes (micro, pico, nano, ...) are given for ready reference on the inside 
front cover of the textbook (see also Table 1-2). 

(a) Since 1 km = 1 x IO 3 m and 1 m = 1 x IO 6 jUm, 

Ikm = 10 3 m = (l0 3 m)(l0 6 //m/m) = IO 9 fim. 

The given measurement is 1.0 km (two significant figures), which implies our result 
should be written as 1.0 x IO 9 jUm. 

(b) We calculate the number of microns in 1 centimeter. Since 1 cm = 10~ 2 m, 

lcm = 10" 2 m = (l0" 2 m)(l0 6 //m/ m ) = 1 ° 4 M™- 

We conclude that the fraction of one centimeter equal to 1.0 jLãn is 1.0 x IO -4 . 

(c) Since 1 yd = (3 ft)(0.3048 m/ft) = 0.9144 m, 

1.0yd = (0.91m)(lOVni/ m ) = 9.1xl0 5 jum. 


2. (a) Using the conversion factors 1 inch = 2.54 cm exactly and 6 picas = 1 inch, we 
obtain 


0.80 cm= (0.80 cm) 


1 inch 
2.54 cm 


6 picas 
1 inch 


1.9 picas. 


(b) With 12 points = 1 pica, we have 


0.80 cm= (0.80 cm) 


1 inch V 6 picas 


2.54 cm 


1 inch 


12 points 
1 pica 


~ 23 points. 


3. Using the given conversion factors, we find 

(a) the distance d in rods to be 

(4.0 furlongs) (201.168 m/furlong) 

d = 4.0 furlongs = ^ ^ ^ = 160 rods, 

5.0292 m/rod 

(b) and that distance in chains to be 


(4.0 furlongs) (201.168 m/furlong) 

d = 1 — = 40 chains. 

20.1 17 m/chain 


4. The conversion factors 1 gry = l/10 line, 1 line=l/12 inchand 1 point = 1/72 inch 
imply that 

1 gry = (1/10)(1/12)(72 points) = 0.60 point. 

2 2 2 2 2 

Thus, 1 gry = (0.60 point) = 0.36 point , which means that 0.50 gry = 0.18 point . 


5. Various geometric formulas are given in Appendix E. 

(a) Expressing the radius of the Earth as 

R = (6.37 x IO 6 m)(l(T 3 km/m) = 6.37 x IO 3 km, 
its circumference is s = 2kR =2^(6.37 x IO 3 km) = 4.00x1 0 4 km. 

(b) The surface area of Earth is .4 = 47ti? 2 = 4n (6.37 x IO 3 km)' = 5.10 x IO 8 km 2 . 

(c) The volume of Earth is V = — R 3 = — ( 6.37 x IO 3 km)' = 1.08 x IO 12 km 3 . 


6. From Figure 1.6, we see that 212 S is equivalent to 258 W and 212 - 32 = 180 S is 
equivalent to 216 - 60 = 156 Z. The information allows us to convert S to W or Z. 


(a) In units of W, we have 


50.0 S = (50.0 S) 


^ 258 
v 212 S j 


= 60.8 W 


(b) In units of Z, we have 


50.0 S = (50.0 S) 


' 156 Z " 
v 180 S y 


= 43.3 Z 


7. The volume of ice is given by the product of the semicircular surface area and the 
thickness. The area of the semicircle is A = nr 2 /2, where r is the radius. Therefore, the 
volume is 

V = —r z 
2 

3 2 

where z is the ice thickness. Since there are 10 m in 1 km and 10 cm in 1 m, we have 


r = (2000 km) 


^ 10 3 m ^ 
v lkm j 


^ io W 

V lm J 


= 2000 x 10 cm. 


In these units, the thickness becomes 

z = 3000m= (3000m) 


^ 10 2 cm ^ 
lm 


= 3000 x 10 cm 


which yields V = — (2000 x IO 5 cm) 2 (3000 x IO 2 cm) = 1.9 x IO 22 cm 3 


8. We make use of Table 1-6. 


(a) We look at the first ("cahiz") column: 1 fanega is equivalent to what amount of cahiz? 
We note from the already completed part of the table that 1 cahiz equals a dozen fanega. 

1 —2 

Thus, 1 fanega = cahiz, or 8.33 x 10 cahiz. Similarly, "1 cahiz = 48 cuartilla" (in the 

1 —2 

already completed part) implies that 1 cuartilla = ^ cahiz, or 2.08 x 10 cahiz. 

Continuing in this way, the remaining entries in the first column are 6.94 x 10" 3 and 
3.47xl0~ 3 . 

(b) In the second ("fanega") column, we similarly find 0.250, 8.33 x IO" 2 , and 4.17 x IO" 2 
for the last three entries. 

(c) In the third ("cuartilla") column, we obtain 0.333 and 0.167 for the last two entries. 

(d) Finally, in the fourth ("almude") column, we get ^ = 0.500 for the last entry. 

(e) Since the conversion table indicates that 1 almude is equivalent to 2 médios, our 
amount of 7.00 almudes must be equal to 14.0 médios. 

(f) Using the value (1 almude = 6.94 x 10 cahiz) found in part (a), we conclude that 
7.00 almudes is equivalent to 4.86 x 10 cahiz. 

(g) Since each decimeter is 0.1 meter, then 55.501 cubic decimeters is equal to 0.055501 
m 3 or 55501 cm 3 . Thus, 7.00 almudes = ^ fane ê a = 1? (55501 cm 3 ) = 3.24 x 10 4 cm 3 . 


9. We use the conversion factors found in Appendix D. 

1 acre ■ ft = (43,560 ft 2 ) ■ ft = 43,560 ft 3 
Since 2 in. = (1/6) ft, the volume of water that fell during the storm is 

V = (26 km 2 )(l/6 ft) = (26 km 2 )(3281ft/km) 2 (l/6 ft) = 4.66xl0 7 ft 3 . 

Thus, 

4.66xl0 7 ft 3 , n3 

V = ~~\ z ~i = 1.1 x 10 acre- ft. 

4.3560 x 10 4 ft 3 /acre-ft 


10. A day is equivalent to 86400 seconds and a meter is equivalent to a million 
micrometers, so 

(3.7m)(l0 6 ju m/m) 


(14 day) (86400 s/day) 


= 3.1 //m/s. 


11. A week is 7 days, each of which has 24 hours, and an hour is equivalent to 3600 
seconds. Thus, two weeks (a fortnight) is 1209600 s. By definition of the micro prefix, 
this is roughly 1.21 x IO 12 jus. 


12. The metric prefixes (micro (//), pico, nano, ...) are given for ready reference on the 
inside front cover of the textbook (also, Table 1-2). 


(a) 1 //century = (lO 6 century) 


100 y 
1 century 


365 day 

iy 


24 h 
1 day 


60 min 


V Ih j 


52.6 min. 


(b) The percent difference is therefore 


52.6 min - 50 min 
52.6 min 


= 4.9%. 


13. (a) Presuming that a French decimal day is equivalent to a regular day, then the ratio 
of weeks is simply 10/7 or (to 3 significant figures) 1.43. 

(b) In a regular day, there are 86400 seconds, but in the French system described in the 
problem, there would be IO 5 seconds. The ratio is therefore 0.864. 


14. We denote the pulsar rotation rate / (for frequency). 

1 rotation 
~ 1.55780644887275 xl(T 3 s 


(a) Multiplying/by the time-interval t = 7.00 days (which is equivalent to 604800 s, if 
we ignore significant figure considerations for a moment), we obtain the number of 
rotations: 


N 


1 rotation 


1.55780644887275 x IO" 3 s 


(604800 s) = 388238218.4 


which should now be rounded to 3.88 x 10 rotations since the time-interval was 
specified in the problem to three significant figures. 

(b) We note that the problem specifies the exact number of pulsar revolutions (one 
million). In this case, our unknown is t, and an equation similar to the one we set up in 
part (a) takes the form N=ft, or 


1x10 = 


1 rotation 


1.55780644887275 x IO" 3 s 


which yields the result t = 1557.80644887275 s (though students who do this calculation 
on the ir calculator might not obtain those last several digits). 

(c) Careful reading of the problem shows that the time-uncertainty per revolution is 
±3xl0~ 17 s . We therefore expect that as a result of one million revolutions, the 
uncertainty should be (±3xl0~ 17 )(lxl0 6 )= +3xl0 _11 s. 


15. The time on any of these clocks is a straight-line function of that on another, with 
slopes ■£ 1 and j-intercepts ^ 0. From the data in the figure we deduce 

_2 594 _33_ 662 
tc- 7 *B+ ? , 5 " 

These are used in obtaining the following results. 
(a) We find 

*b ~h =^( t A -t Á ) = 495s 


when f A - ía = 600 s. 

(b) We obtain t' c -t c = ^ (t' B " **) = | (495) = 141 s. 


(c) Clocktf reads t B = (33/40)(400) - (662/5) « 198 s when clock^ reads t A = 400 s. 

(d) From t c = 15 = (2/7)t B + (594/7), we get t B « -245 s. 


16. Since a change of longitude equal to 360° corresponds to a 24 hour change, then one 
expects to change longitude by 360°/ 24 = 15° before resetting one's watch by 1.0 h. 


17. None of the clocks advance by exactly 24 h in a 24-h period but this is not the most 
important criterion for judging their quality for measuring time intervals. What is 
important is that the clock advance by the same amount in each 24-h period. The clock 
reading can then easily be adjusted to give the correct interval. If the clock reading jumps 
around from one 24-h period to another, it cannot be corrected since it would impossible 
to tell what the correction should be. The following gives the corrections (in seconds) that 
must be applied to the reading on each clock for each 24-h period. The entries were 
determined by subtracting the clock reading at the end of the interval from the clock 
reading at the beginning. 


CLOCK 

Sun. 
-Mon. 

Mon. 
-Tues. 

Tues. 
-Wed. 

Wed. 
-Thurs. 

Thurs. 
-Fri. 

Fri. 
-Sat. 

A 

-16 

-16 

-15 

-17 

-15 

-15 

B 

-3 

+5 

-10 

+5 

+6 

-7 

C 

-58 

-58 

-58 

-58 

-58 

-58 

D 

+67 

+67 

+67 

+67 

+67 

+67 

E 

+70 

+55 

+2 

+20 

+10 

+10 


Clocks C and D are both good timekeepers in the sense that each is consistent in its daily 
drift (relative to WWF time); thus, C and D are easily made "perfect" with simple and 
predictable corrections. The correction for clock C is less than the correction for clock D, 
so we judge clock C to be the best and clock D to be the next best. The correction that 
must be applied to clock A is in the range from 15 s to 17s. For clock B it is the range 
from -5 s to +10 s, for clock E it is in the range from -70 s to -2 s. After C and D, A has 
the smallest range of correction, B has the next smallest range, and E has the greatest 
range. From best to worst, the ranking of the clocks is C, D, A, B, E. 


18. The last day of the 20 centuries is longer than the first day by 

(20 century) ( 0.001 s/century) = 0.02 s. 


The average day during the 20 centuries is (0 + 0.02)/2 = 0.01 s longer than the first day. 
Since the increase occurs uniformly, the cumulative effect T is 

T = (average increase in length of a day)(number of days) 


f 0.01 s^ 

f 365.25 day^ 

l day J 

l y ) 


(2000 y) 


= 7305 s 


or roughly two hours. 


19. When the Sun first disappears while lying down, your line of sight to the top of the 
Sun is tangent to the EartiYs surface at point A shown in the figure. As you stand, 
elevating your eyes by a height h, the line of sight to the Sun is tangent to the Earth' s 
surface at point B. 

Line of sight to 



Let d be the distance from point B to your eyes. From Pythagorean theorem, we have 

d 2 + r 2 = (r + hf = r 2 + 2rh + h 2 

or d 2 = 2rh + h 2 , where r is the radius of the Earth. Since r » h , the second term can be 

dropped, leading to d 2 ~ 2rh . Now the angle between the two radii to the two tangent 
points A and B is 0, which is also the angle through which the Sun moves about Earth 
during the time interval t = 11.1 s. The value of 0 can be obtained by using 

0 t 
360° ~ 24 h ' 

This yields 

0 = ™ = 0.04625». 

(24 h)(60 min/h)(60 s/min) 

Using d - r tan 0 , we have d 2 =r 2 tan 2 0 = 2rh , or 

2h 

r = õ — 

tan 2 0 


Using the above value for #and h = 1.7 m, we have r = 5.2xl0 6 m. 


20. The density of gold is 


m 19.32 g „„ . , 

P = — = f = 19.32 g/cm 3 . 

F 1 cm 


(a) We take the volume of the leaf to be its area A multiplied by its thickness z. With 
density p = 19.32 g/cm and mass m = 27.63 g, the volume of the leaf is found to be 


V = — = 1.430 cm 3 . 
P 


We convert the volume to SI units: 


F = (l.430cm 3 ) 


lm 


v 100 cm y 


= 1.430 x IO 6 m 3 


Since V = Az with z = 1 x 10" m (metric prefixes can be found in Table 1-2), we obtain 

, 1.430 x 10~ 6 m 3 , „ n 2 

A = 7 = 1.430 m 2 . 

1 x IO" 6 m 


(b) The volume of a cylinder of length £ is V = Ai where the cross-section area is that of 


a circle: A = nr z . Therefore, with r = 2.500 x 10 0 m and V= 1.430 x 10 6 m 3 , we obtain 


£ = -^y =7.284 x IO 4 m = 72.84 km. 
7tr 


21. We introduce the notion of density: 


P = 


m 


and convert to SI units: 1 g = 1 x 10 kg. 

(a) For volume conversion, we find 1 cm = (1 x 10" z m) J = 1 x 10"°iri . Thus, the density 
in kg/m 3 is 


lg/ 


cm = 


vem ; 


^ 10 3 kg ^ 

g J 


cm 3 
v 10" 6 m 3 y 


= 1 x IO 3 kg/m 3 


Thus, the mass of a cubic meter of water is 1000 kg. 

(b) We divide the mass of the water by the time taken to drain it. The mass is found from 
M= pV(thc product of the volume of water and its density): 

M = (5700 m 3 ) (lxlO 3 kg/m 3 ) = 5.70 x IO 6 kg. 
The time is t = (10h)(3600 s/h) = 3.6 x 10 4 s, so the mass flow rate R is 


R = — 


M _ 5.70 x IO 6 kg 


t 3.6xl0 4 s 


= 158 kg/s. 


22. (a) We find the volume in cubic centimeters 


193gal= (193 gal) 


231 in 
lgal 


3\ 


2.54 cm 
lin 


= 7.31X10 5 cm 3 


and subtract this from 1x10 cm to obtain 2.69 x IO 5 cm . The conversion gal — > in 3 is 
given in Appendix D (immediately below the table of Volume conversions). 

(b) The volume found in part (a) is converted (by dividing by (100 cm/m) ) to 0.731 m , 
which corresponds to a mass of 

(1000 kg/m 3 ) (0.731 m 2 )= 731 kg 

using the density given in the problem statement. At a rate of 0.0018 kg/min, this can be 
filled in 


731kg 


0.0018 kg/min 


= 4.06 x IO 5 min = 0.77 y 


after dividing by the number of minutes in a year (365 days)(24 h/day) (60 min/h). 


23. If M E is the mass of Earth, m is the average mass of an atom in Earth, and N is the 
number of atoms, then Me = Nm or N = Me/m. We convert mass m to kilograms using 
Appendix D (1 u = 1.661 x IO" 27 kg). Thus, 


24. (a) The volume of the cloud is (3000 m)^(1000 m) 2 = 9.4 x IO 9 m 3 . Since each cubic 
meter of the cloud contains from 50 x IO 6 to 500 x IO 6 water drops, then we conclude 
that the entire cloud contains from 4.7 x IO 18 to 4.7 x IO 19 drops. Since the volume of 
each drop is |^(10 x 10~ 6 m) 3 = 4.2 x 10~ 15 m 3 , then the total volume of water in a cloud 

is from 2x1 0 3 to 2x1 0 4 m 3 . 

(b) Using the fact that 1 L = lxl0 3 cm 3 = lxl0~ 3 m 3 , the amount of water estimated in 
part (a) would fill from 2x1 0 6 to 2x1 0 7 bottles. 

(c) At 1000 kg for every cubic meter, the mass of water is from two million to twenty 
million kilograms. The coincidence in numbers between the results of parts (b) and (c) 
of this problem is due to the fact that each liter has a mass of one kilogram when water is 
at its normal density (under standard conditions). 


25. We introduce the notion of density, p = mlV , and convert to SI units: 1000 g = 1 kg, 
and 100 cm = 1 m. 


(a) The density p of a sample of iron is 
p = {!.%! g/cm 3 ) 


í lkg 1 

f 100 cm] 

llOOOgJ 

l lm J 


= 7870 kg/m 3 


If we ignore the empty spaces between the close-packed spheres, then the density of an 
individual iron atom will be the same as the density of any iron sample. That is, if M is 
the mass and V is the volume of an atom, then 

r = M = 9.27 Xl Q-"kg U8xl0 - i>m 3 
p 7.87 x IO 3 kg/m 3 

(b) We set V = 47ti? 3 /3, where R is the radius of an atom (Appendix E contains several 
geometry formulas). Solving for R, we find 


R = 


W_ 


3(l.l8xl0~ 29 m 3 ) 


V/ 3 


471 


= 1.41 x 10~ 10 m 


The center-to-center distance between atoms is twice the radius, or 2.82 x 10 10 m 


26. If we estimate the "typical" large domestic cat mass as 10 kg, and the "typical" atom 
(in the cat) as 10 u « 2 x IO" 26 kg, then there are roughly (10 kg)/( 2 x IO" 26 kg) « 5 x 
10 atoms. This is close to being a factor of a thousand greater than Avogradro's 
number. Thus this is roughly a kilomole of atoms. 


27. According to Appendix D, a nautical mile is 1.852 km, so 24.5 nautical miles would 
be 45.374 km. Also, according to Appendix D, a mile is 1.609 km, so 24.5 miles is 
39.4205 km. The difference is 5.95 km. 


28. The metric prefixes (micro (//), pico, nano, ...) are given for ready reference on the 
inside front cover of the textbook (see also Table 1-2). The surface area A of each grain 
of sand of radius r = 50 jUm = 50 x IO" 6 m is given by A = 4^(50 x IO" 6 ) 2 = 3.14 x IO" 8 
m 2 (Appendix E contains a variety of geometry formulas). We introduce the notion of 
density, p = mlV , so that the mass can be found from m = pV, where p = 2600 kg/m . 
Thus, using V= 4m~ 13, the mass of each grain is 


m = pV - p 


2600 


k g ^4^: (50xl0~ 6 m) 3 


m 3 y 


= 1.36 x 10" 9 kg. 


We observe that (because a cube has six equal faces) the indicated surface area is 6 m . 
The number of spheres (the grains of sand) that have a total surface area of 6 m 2 is 
given by 

6 m 2 


N = 


3.14 x 10 m 2 


= 1.91X10 5 


Therefore, the total mass Mis M = Nm = (l.91 x IO 8 ) (l.36 x 10" 9 kg) = 0.260 kg. 


29. The volume of the section is (2500 m)(800 m)(2.0 m) = 4.0 x IO 6 m 3 . Letting "d" 
stand for the thickness of the mud after it has (uniformly) distributed in the valley, then 
its volume there would be (400 m)(400 m)d. Requiring these two volumes to be equal, 
we can solve for d. Thus, d = 25 m. The volume of a small part of the mud over a patch 
of area of 4.0 m 2 is (4.0)d = 100 m 3 . Since each cubic meter corresponds to a mass of 
1900 kg (stated in the problem), then the mass of that small part of the mud is 
1.9xl0 5 kg. 


30. To solve the problem, we note that the first derivative of the function with respect to 
time gives the rate. Setting the rate to zero gives the time at which an extreme value of 
the variable mass occurs; here that extreme value is a maximum. 


(a) Differentiating m(t) = 5.00í 08 -3.00^ + 20.00 with respect to t gives 


dm 
dt 


= 4.00r 02 -3.00 


The water mass is the greatest when dml dt = 0, or at t = (4.00/3.00) 1 ' 02 = 4.21 s. 
(b) At t = 4.21 s, the water mass is 


m(t = 4.21 s) = 5.00(4.21)" * -3.00(4.21) + 20.00 = 23.2 g. 


(c) The rate of mass change at t = 2.00 s is 


dm 
dt 


(=2.00 s 


= r4.00(2.00r° 2 - 3 .00] g/s = 0.48 g/s = 0.48 ^ ■ ■ 
L J s 1000 g 1 min 

= 2.89xl0" 2 kg/min. 


(d) Similarly, the rate of mass change at t = 5.00 s is 


dm 
dt 


(=2.00 s 


= [4.00(5. 00)" 2 -3.001 g/s = -0.101 g/s = -0.101^—^—-^- 
L J s 1000 g 1 min 

= -6.05 x 10" 3 kg/min. 


3 1 . The mass density of the candy is 


= m = 0.0200 g = 4 00xlQ -4 /mm 3 = 4 00 xl 0 -4 kg/cm \ 
V 50.0 mm 3 

If we neglect the volume of the empty spaces between the candies, then the total mass of 
the candies in the container when filled to height h is M = pAh, where 

A = (14.0 cm)(17.0 cm) = 238 cm 2 is the base area of the container that remains 
unchanged. Thus, the rate of mass change is given by 

M = d(pm =pA dh =i4mxl0 -4 kg/cm 3 )(2 3 8 cm 2 )( 0 .250 cm/s) 
dt dt dt 

= 0.0238 kg/s = 1.43 kg/min. 


32. Table 7 can be completed as follows: 

(a) It should be clear that the first column (under "wey") is the reciprocai of the first 
row - so that ^ = 0.900, J> = 7.50 x IO" 2 , and so forth. Thus, 1 pottle = 1.56 x IO" 3 wey 

and 1 gill = 8.32 x 10~ 6 wey are the last two entries in the first column. 

(b) In the second column (under "chaldron"), clearly we have 1 chaldron = 1 caldron (that 
is, the entries along the "diagonal" in the table must be Fs). To find out how many 

chaldron are equal to one bag, we note that 1 wey = 10/9 chaldron = 40/3 bag so that 

1 -2 

chaldron = 1 bag. Thus, the next entry in that second column is-j^ = 8.33xl0 . 
Similarly, 1 pottle = 1.74 x IO" 3 chaldron and 1 gill = 9.24 x IO" 6 chaldron. 

(c) In the third column (under "bag"), we have 1 chaldron = 12.0 bag, 1 bag = 1 bag, 1 
pottle = 2.08 x IO" 2 bag, and 1 gill = 1.1 1 x 10" 4 bag. 

(d) In the fourth column (under "pottle"), we find 1 chaldron = 576 pottle, 1 bag = 48 
pottle, 1 pottle = 1 pottle, and 1 gill = 5.32 x 10" 3 pottle. 

(e) In the last column (under "gill"), we obtain 1 chaldron = 1.08 x IO 5 gill, 1 bag = 9.02 
x IO 3 gill, 1 pottle = 188 gill, and, of course, 1 gill = 1 gill. 

(f) Using the information from part (c), 1.5 chaldron = (1.5)(12.0) = 18.0 bag. And since 
eachbag is 0.1091 m 3 we conclude 1.5 chaldron = (18.0)(0.1091) = 1.96 m 3 . 


33. The first two conversions are easy enough that a formal conversion is not especially 
called for, but in the interest of practice makes perfect we go ahead and proceed formally: 


(a) 11 tuffets= (11 tuffets) 


r 2 peck ^ 
v l tuffety 


= 22 pecks . 


(b) 11 tuffets = (11 tuffets) 


f 0.50 Imperial bushel^ 
1 tuffet 


= 5.5 Imperial bushels 


(c) 11 tuffets = (5.5 Imperial bushel) 


36.3687 L 
1 Imperial bushel 


« 200 L . 


34. (a) Using the fact that the arca A of a rectangle is (width) x (length), we find 


4,tai = (3.00 acre) + (25.0perch)(4.00perch) 
'(40 perch)(4 perch) ^ 


= (3.00 acre) 
= 580 perch 2 . 


lacre 


+ 100 perch' 


2 2 

We multiply this by the perch — > rood conversion factor (1 rood/40 perch ) to obtain the 
answer: A tota \ = 14.5 roods. 

(b) We convert our intermediate result in part (a): 


4* =(580 perch 2 ) 


' 16.5ft A 


1 perch 


= 1.58xl0 5 ft 2 


Now, we use the feet — > meters conversion given in Appendix D to obtain 


4 otal =(l.58xl0 5 ft 2 ) 


lm 

3.28 lft 


= 1.47 x IO 4 m 2 


35. (a) Dividing 750 miles by the expected "40 miles per gallon" leads the tourist to 
believe that the car should need 18.8 gallons (in the U.S.) for the trip. 

(b) Dividing the two numbers given (to high precision) in the problem (and rounding off) 
gives the conversion between U.K. and U.S. gallons. The U.K. gallon is larger than the 
U.S gallon by a factor of 1.2. Applying this to the result of part (a), we find the answer 
for part (b) is 22.5 gallons. 


36. The customer expects a volume V\ = 20 x 7056 in and receives V 2 = 20 x 5826 in 
the difference being AV = V x -F 2 =24600 in 3 , or 


AV = (24600 in 3 ) 


^2.54cm^ / 


1 inch 


1L 


1000 cm 3 


= 403 L 


where Appendix D has been used. 


37. (a) Using Appendix D, we have 1 ft = 0.3048 m, 1 gal = 231 in. 3 , and 1 in. 3 = 1.639 x 
10 L. From the latter two items, we find that 1 gal = 3.79 L. Thus, the quantity 460 
ft 2 /gal becomes 


460 ft 2 /gal = 


( 460 ft 2 ^ 

( lm ^ 

2 

ílgaO 

l § al ) 

^3.28 ft y 


^3.79 L J 


= 11.3 m 2 /L. 


-3 

(b) Also, since 1 m is equivalent to 1000 L, our result from part (a) becomes 


11.3m7L = 


11. 3m 


2 "\ 


1000L 


v lm J j 


= 1.13 x IO 4 rrT 1 . 


(c) The inverse of the original quantity is (460 ft 2 /gal) 1 = 2.17 x 10 3 gal/ft 2 . 


(d) The answer in (c) represents the volume of the paint (in gallons) needed to cover a 
square foot of area. From this, we could also figure the paint thickness [it turns out to be 
about a tenth of a millimeter, as one sees by taking the reciprocai of the answer in part 
(b)]. 


38. The total volume Vof the real house is that of a triangular prism (of height h = 3.0 m 
and base area A = 20 x 12 = 240 m ) in addition to a rectangular box (height h' = 6.0 m 
and same base). Therefore, 

1 fh ^ 


V = -hA + h'A = 
2 


+ h' 


A = 1800 m j 


(a) Each dimension is reduced by a factor of 1/12, and we find 


F doll = (l800 m 3 )í^ 


- 1.0 m 3 


(b) In this case, each dimension (relative to the real house) is reduced by a factor of 1/144. 
Therefore, 


^^ = (1800 m 3 ) U 


144 


6.0 x 10" 4 m 3 . 


39. Using the (exact) conversion 2.54 cm = 1 in. we find that 1 ft = (12)(2.54)/100 = 
0.3048 m (which also can be found in Appendix D). The volume of a cord of wood is 8 x 
4x4 = 128 ft 3 , which we convert (multiplying by 0.3048 3 ) to 3.6 m 3 . Therefore, one 
cubic meter of wood corresponds to 1/3.6 = 0.3 cord. 


40. (a) In atomic mass units, the mass of one molecule is (16 + 1 + l)u= 18 u. Using Eq. 
1-9, we find 


18u= (18u) 


^ 1. 6605402 x 1(T 27 kg ^ 
~ lu 


= 3.0x10 ~ 26 kg 


(b) We divide the total mass by the mass of each molecule and obtain the (approximate) 
number of water molecules: 


3.0 x 10 


-26 


41. (a) The difference between the total amounts in "freight" and "displacement" tons, 
(8 - 7)(73) = 73 barreis bulk, represents the extra M&M's that are shipped. Using the 
conversions in the problem, this is equivalent to (73)(0.1415)(28.378) = 293 U.S. bushels. 

(b) The difference between the total amounts in "register" and "displacement" tons, 
(20 - 7)(73) = 949 barreis bulk, represents the extra M&M's are shipped. Using the 
conversions in the problem, this is equivalent to (949)(0.1415)(28.378) = 3.81 x IO 3 U.S. 
bushels. 


42. (a) The receptacle is a volume of (40 cm)(40 cm)(30 cm) = 48000 cm 3 = 48 L = 
(48)(16)/1 1.356 = 67.63 standard bottles, which is a little more than 3 nebuchadnezzars 
(the largest bottle indicated). The remainder, 7.63 standard bottles, is just a little less 
than 1 methuselah. Thus, the answer to part (a) is 3 nebuchadnezzars and 1 methuselah. 

(b) Since 1 methuselah.= 8 standard bottles, then the extra amount is 8 - 7.63 = 0.37 
standard bottle. 

(c) Using the conversion factor 16 standard bottles = 1 1.356 L, we have 


11.356L 


0.37 standard bottle = (0.37 standard bottle) 


16 standard bottles 


= 0.26 L. 


v 


J 


-3 _£ -> 

43. The volume of one unit is 1 cm =1x10 m , so the volume of a mole of them is 

23 3 17 3 

6.02 x 10 cm = 6.02 x 10 m . The cube root of this number gives the edge length: 

5 3 2 

8.4x10 m . This is equivalent to roughly 8 x 10 kilometers. 


44. Equation 1-9 gives (to very high precision!) the conversion from atomic mass units to 
kilograms. Since this problem deals with the ratio of total mass (1.0 kg) divided by the 
mass of one atom (1.0 u, but converted to kilograms), then the computation reduces to 
simply taking the reciprocai of the number given in Eq. 1-9 and rounding off 
appropriately. Thus, the answer is 6.0 x 10 . 


45. We convert meters to astronomical units, and seconds to minutes, using 

1000 m = 1 km 
1 AU = 1.50 x IO 8 km 
60 s = 1 min. 

Thus, 3.0 x IO 8 m/s becomes 


3.0 x 10 m 


1 km 


1000 m 


AU 


1.50 x 10' km 


í 60 s) 


min 


= 0.12 AU/min. 


46. The volume of the water that fell is 


V = (26 km 2 ) (2.0 in.)= (26 km 2 ) 

= (26xl0 6 m 2 ) (0.0508 m) 
= 1.3xl0 6 m 3 . 


^1000 m v 
lkm 


(2.0 in.) 


^0.0254 m^ 
1 in. 


We write the mass-per-unit-volume (density) of the water as: 


p = y = \x\0 3 kg/m 3 


The mass of the water that fell is therefore given by m = pV: 

m = (lxl0 3 kg/m 3 ) (1.3 x IO 6 m 3 ) = 1.3xl0 9 kg. 


47. A million milligrams comprise a kilogram, so 2.3 kg/week is 2.3 x IO 6 mg/week. 
Figuring 7 days a week, 24 hours per day, 3600 second per hour, we find 604800 seconds 
are equivalent to one week. Thus, (2.3 x IO 6 mg/week)/(604800 s/week) = 3.8 mg/s. 


48. The mass of the pig is 3.108 slugs, or (3.108)(14.59) = 45.346 kg. Referring now to 
the com, a U.S. bushel is 35.238 liters. Thus, a value of 1 for the corn-hog ratio would 
be equivalent to 35.238/45.346 = 0.7766 in the indicated metric units. Therefore, a value 
of 5.7 for the ratio corresponds to 5.7(0.777) = 4.4 in the indicated metric units. 


49. Two jalapeno peppers have spiciness = 8000 SHU, and this amount multiplied by 400 
(the number of people) is 3.2 x IO 6 SHU, which is roughly ten times the SHU value for a 
single habanero pepper. More precisely, 10.7 habanero peppers will provide that total 
required SHU value. 


50. The volume removed in one year is 

V = (75 x 10 4 m 2 ) (26 m) « 2 x IO 7 m 3 


which we convert to cubic kilometers: V = (2 x IO 7 m 3 ) 


1 km V 
v 1000 m y 


51. The number of seconds in a year is 3.156 x IO 7 . This is listed in Appendix D and 
results from the product 

(365.25 day/y) (24 h/day) (60 min/h) (60 s/min). 

Q 

(a) The number of shakes in a second is 10 ; therefore, there are indeed more shakes per 
second than there are seconds per year. 

(b) Denoting the age of the universe as 1 u-day (or 86400 u-sec), then the time during 
which humans have existed is given by 


IO 6 

Tõ" 


= IO" 4 u-day, 


which may also be expressed as (10 4 u - day) 


f 86400 u-sec^ 
1 u-day 


= 8.6 u-sec. 


52. Abbreviating wapentake as "wp" and assuming a hide to be 110 acres, we set up the 
ratio 25 wp/1 1 barn along with appropriate conversion factors: 


fO< \ / 100 hide\ / 110 acre \ / 4047 m 2 \ 

wpj y lwp j [-jis^j y lacre J 
(11 barn) 


lxlO 36 . 


53. (a) Squaring the relation 1 ken = 1.97 m, and setting up the ratio, we obtain 

1 ken 2 _ 1.97 2 m 2 
1 m 2 1 m 2 

(b) Similarly, we find 

1 ken 3 _ 1.97 3 m 3 
1 m 3 ~ 1 m 3 

(c) The volume of a cylinder is the circular area of its base multiplied by its height. Thus, 

Kr 1 h = ;r(3.00) 2 (5.50) = 156 ken 3 . 

(d) If we multiply this by the result of part (b), we determine the volume in cubic meters: 
(155.5)(7.65)= 1.19 x IO 3 m 3 . 


= 3.88. 


= 7.65. 


54. The mass in kilograms is 


(28.9 piculs) 


lOOgin 
1 picul 


1 6 tahil 
lgin 


lOchee 
1 tahil 


10 hoon 
1 chee 


0.3779 g 
lhoon 


which yields 1.747 x IO 6 g or roughly 1.75x 10 3 kg. 


55. In the simplest approach, we set up a ratio for the total increase in horizontal depth x 
(where Ax = 0.05 m is the increase in horizontal depth per step) 


x = N , Ax 

steps 


4.57 
0.19 


(0.05 m) = 1.2 m. 


However, we can approach this more carefully by noting that if there are N = 4.57/. 19 ~ 
24 rises then under normal circumstances we would expect N - \ = 23 runs (horizontal 
pieces) in that staircase. This would yield (23)(0.05 m) = 1.15 m, which - to two 
significant figures - agrees with our first result. 


56. Since one atomic mass unit is 1 u = 1.66x10 24 g (see Appendix D), the mass of one 
mole of atoms is about m = (1.66xl0~ 24 g)(6.02xl0 23 ) = 1 g. On the other hand, the mass 
of one mole of atoms in the common Eastern mole is 

m = — - = 10g 
7.5 

Therefore, in atomic mass units, the average mass of one atom in the common Eastern 
mole is 

^ = ^^ = 1.66xl0- 23 g = 10u. 
N A 6.02x1 0 23 


57. (a) When 0is measured in radians, it is equal to the are length s divided by the radius 
R. For a very large radius circle and small value of 0, such as we deal with in Fig. 1-9, 
the are may be approximated as the straight line-segment of length 1 AU. First, we 
convert 0=1 aresecondto radians: 


(1 


aresecon 


d) 


1 areminute N 
60 aresecond 


I o 


60 areminute 


2n radian 


ian^| 


360° ) 


which yields 0= 4.85 x 10 rad. Therefore, one parsec is 

1 AU 


R=- = 


0 4.85 x 10" 


-= 2.06 x 10 AU. 


Now we use this to convert R = 1 AU to parsecs: 


R = (1 AU) 


1 pc 


2.06 x IO 5 AU 


= 4.9 x 10 pc. 


(b) Also, since it is straightforward to figure the number of seconds in a year (about 3.16 
x IO 7 s), and (for constant speeds) distance = speed x time, we have 

lly = (186, 000 mi/s) (3.16 x 10 7 s) 5.9 x IO 12 mi 

which we convert to AU by dividing by 92.6 x IO 6 (given in the problem statement), 
obtaining 6.3 x IO 4 AU. Inverting, the result is 1 AU = 1/6.3 x 10 4 = 1.6 x 10" 5 ly. 


•5 

58. The volume of the filled container is 24000 cm = 24 liters, which (using the 
conversion given in the problem) is equivalent to 50.7 pints (U.S). The expected number 
is therefore in the range from 1317 to 1927 Atlantic oysters. Instead, the number 
received is in the range from 406 to 609 Pacific oysters. This represents a shortage in the 
range of roughly 700 to 1500 oysters (the answer to the problem). Note that the 
minimum value in our answer corresponds to the minimum Atlantic minus the maximum 
Pacific, and the maximum value corresponds to the maximum Atlantic minus the 
minimum Pacific. 


59. (a) For the minimum (43 cm) case, 9 cubit converts as follows: 

9 cubit =(9 cubit) — = 3.9m. 


1 cubit 


And for the maximum (43 cm) case we obtain 

9cubit = (9cubit) 


A 0.53m A 
1 cubit 


4.8m. 


(b) Similarly, with 0.43 m -» 430 mm and 0.53 m -> 530 mm, we find 3.9x10 mm and 
4.8 x 10 mm, respectively. 

(c) We can convert length and diameter first and then compute the volume, or first 
compute the volume and then convert. We proceed using the latter approach (where d is 
diameter and £ is length). 


= —id 2 = 28 cubit 3 = (28 cubit 3 ) 


cylinder, min 


f 0.43 m V 
1 cubit 


= 2.2 m 3 


Similarly, with 0.43 m replaced by 0.53 m, we obtain Fender, max = 4.2 m 


60. (a) We reduce the stock amount to British teaspoons: 

1 breakfastcup = 2x8x2x2 = 64 teaspoons 

1 teacup =8x2x2 = 32 teaspoons 
6 tablespoons = 6x2x2 = 24 teaspoons 
1 dessertspoon = 2 teaspoons 

which totais to 122 British teaspoons, or 122 U.S. teaspoons since liquid measure is being 
used. Now with one U.S cup equal to 48 teaspoons, upon dividing 122/48 = 2.54, we find 
this amount corresponds to 2.5 U.S. cups plus a remainder of precisely 2 teaspoons. In 
other words, 

122 U.S. teaspoons = 2.5 U.S. cups + 2 U.S. teaspoons. 

(b) For the nettle tops, one-half quart is still one-half quart. 

(c) For the rice, one British tablespoon is 4 British teaspoons which (since dry-goods 
measure is being used) corresponds to 2 U.S. teaspoons. 

(d) A British saltspoon is \ British teaspoon which corresponds (since dry-goods 
measure is again being used) to 1 U.S. teaspoon. 


1. We use Eq. 2-2 and Eq. 2-3. During a time t c when the velocity remains a positive 
constant, speed is equivalent to velocity, and distance is equivalent to displacement, with 
Ax = v t c . 


(a) During the first part of the motion, the displacement is Ax\ = 40 km and the time 
interval is 

/,= (4 ° km> =U3h. 
1 (30km/h) 

During the second part the displacement is Ax2 = 40 km and the time interval is 

(40 km) 


(60km/h) 


= 0.67 h. 


Both displacements are in the same direction, so the total displacement is 

Ax = Axi + Ax 2 = 40 km + 40 km = 80 km. 
The total time for the trip is t = t\ + h = 2.00 h. Consequently, the average velocity is 

(80 km) 


avg 


(2.0 h) 


:40km/h. 


(b) In this example, the numerical result for the average speed is the same as the average 
velocity 40 km/h. 

(c) As shown below, the graph consists of two contiguous line segments, the first having 
a slope of 30 km/h and connecting the origin to (t\, x\) = (1.33 h, 40 km) and the second 
having a slope of 60 km/h and connecting (t\, x\) to {t, x) = (2.00 h, 80 km). From the 
graphical point of view, the slope of the dashed line drawn from the origin to {t, x) 
represents the average velocity. 

x (km) 



r- t(h) 


2. Average speed, as opposed to average velocity, relates to the total distance, as opposed 
to the net displacement. The distance D up the hill is, of course, the same as the distance 
down the hill, and since the speed is constant (during each stage of the motion) we have 
speed = D/t. Thus, the average speed is 

A,p + Alown _ 2D 


t + t D D 

up down 1- 


which, after canceling D and plugging in v up = 40 km/h and v down = 60 km/h, yields 48 
km/h for the average speed. 


3. The speed (assumed constant) is v = (90 km/h)(1000 m/km)/ (3600 s/h) = 25 m/s. Thus, 
in 0.50 s, the car traveis (0.50 s)(25 m/s) ~ 13 m. 


4. Huber's speed is 


v 0 = (200 m)/(6.509 s)=30.72 m/s =110.6 km/h, 

where we have used the conversion factor 1 m/s = 3.6 km/h. Since Whittingham beat 
Huber by 19.0 km/h, his speed is vi=(110.6 km/h + 19.0 km/h)=129.6 km/h, or 36 m/s (1 
km/h = 0.2778 m/s). Thus, the time through a distance of 200 m for Whittingham is 

. Ax 200 m 

At = — = = 5.554 s. 

v, 36 m/s 


2 3 

5. Using x = 3t - At + t with SI units understood is efficient (and is the approach we will 
use), but if we wished to make the units explicit we would write 

x = (3 m/s)í - (4 m/s 2 )? 2 + (1 m/sV . 

We will quote our answers to one or two significant figures, and not try to follow the 
significant figure rules rigorously. 

(a) Plugging in t = 1 s yields x = 3- 4+ l=0. 

(b) With t = 2 s we get x = 3(2) - 4(2) 2 +(2) 3 = -2 m. 

(c) With t = 3 s we have x = 0 m. 

(d) Plugging in t = 4 s gives x= 12 m. 

For later reference, we also note that the position at t = 0 is x = 0. 

(e) The position at t = 0 is subtracted from the position at t = 4 s to find the displacement 
Ax = 12 m. 

(f) The position at t = 2 s is subtracted from the position at t = 4 s to give the 
displacement Ax = 14 m. Eq. 2-2, then, leads to 

Ax 14 m _ , 

v av B = — = = 7 m/s- 

avg Aí 2 s 

(g) The horizontal axis is 0 < t < 4 with SI units understood. 

Not shown is a straight line drawn from the point at (t, x) = (2, -2) to the highest point 
shown (at t = 4 s) which would represent the answer for part (f). 

x 

io- / 


6. (a) Using the fact that time = distance/velocity while the velocity is constant, we find 


73.2 m+73.2 m 


= 1.74 m/s. 


v. 


avg 


73.2 m i 73.2 m 
1.22 m/s ^ 3.05 m 


(b) Using the fact that distance = vt while the velocity v is constant, we find 


v. 


avg 


(1.22 m/s)(60 s) +(3.05 m/s)(60 s) 
120 s 


= 2.14 m/s. 


(c) The graphs are shown below (with meters and seconds understood). The first consists 
of two (solid) line segments, the first having a slope of 1.22 and the second having a 
slope of 3.05. The slope of the dashed line represents the average velocity (in both 
graphs). The second graph also consists of two (solid) line segments, having the same 
slopes as before — the main difference (compared to the first graph) being that the stage 
involving higher-speed motion lasts much longer. 



x 

256 H 


60 84 


60 


L20 


7. Converting to seconds, the running times are t\ = 147.95 s and h = 148.15 s, 
respectively. If the runners were equally fast, then 


v — s 

avgj avg 2 


A _ A 


From this we obtain 


L 2 L x 


1 


^148.15_ N 
v 147.95 y 


L x =0.00135^ «1.4 m 


where we set L\ ~ 1000 m in the last step. Thus, if L\ and L 2 are no different than about 
1.4 m, then runner 1 is indeed faster than runner 2. However, if L\ is shorter than L 2 by 
more than 1 .4 m, then runner 2 would actually be faster. 


8. Let v w be the speed of the wind and v c be the speed of the car. 

(a) Suppose during time interval t x , the car moves in the same direction as the wind. 
Then its effective speed is v eff í =v c + v w , and the distance traveled is 
d = v efn t l =(v c +v w )í, . On the other hand, for the return trip during time interval h, the 

car moves in the opposite direction of the wind and the effective speed would be 
v e/f 2 =v c~ v w- The distance traveled is d = v eff 2 t 2 = (y c - v w )t 2 . The two expressions can 
be rewritten as 


v„ + v„, = ■ 


and - v,„ = 


Adding the two equations and dividing by two, we obtain v c - 
1 gives the car's speed v c in windless situation. 
(b) If method 2 is used, the result would be 

, d 2d 2d 


d ^d 

y t j 1 2 


Thus, method 


v„ = - 


(t l +t 2 )/2 t x + t 2 


2 2 

V —v 
-5 ^ = v 


v„ + v,., v„ - V. 


The fractional difference would be 


f V 

V. 


= (0.0240) 2 =5.76x10" 


9. The values used in the problem statement make it easy to see that the first part of the 
trip (at 100 km/h) takes 1 hour, and the second part (at 40 km/h) also takes 1 hour. 
Expressed in decimal form, the time left is 1.25 hour, and the distance that remains is 160 
km. Thus, a speed v = (160 km)/(1.25 h) = 128 km/h is needed. 


10. The amount of time it takes for each person to move a distance L with speed v s is 
At = L/v s . With each additional person, the depth increases by one body depth d 

(a) The rate of increase of the layer of people is 

_ d d dv s (0.25 m)(3.50 m/s) A CA . 

R = — = = — - = = 0.50 m/s 

At Llv s L 1.75 m 

(b) The amount of time required to reach a depth of D — 5.0 m is 


D 5.0 m in 

t = — = = l0s 

R 0.50 m/s 


11. Recognizing that the gap between the trains is closing at a constant rate of 60 km/h, 
the total time which elapses before they crash is t = (60 km)/(60 km/h) = 1.0 h. During 
this time, the bird traveis a distance of x = vt = (60 km/h)(l .0 h) = 60 km. 


12. (a) Let the fast and the slow cars be separated by a distance d at t = 0. If during the 
time interval t = L/v s = (12.0 m)/(5.0 m/s) = 2.40 s in which the slow car has moved a 

distance of L = 12.0 m, the fast car moves a distance of vt-d + L to join the line of 
slow cars, then the shock wave would remain stationary. The condition implies a 
separation of 

d = vt-L = (25 m/s)(2.4 s) -12.0 m = 48.0 m. 

(b) Let the initial separation at t - 0 be d - 96.0 m. At a later time t, the slow and the 
fast cars have traveled x = v s t and the fast car joins the line by moving a distance d + x. 
From 

t _ x _d+x 

v„ v 


we get 


v, 5.00 m/s 

x = — 2 — d = (96.0 m) = 24.0 m, 

v-v 25.0 m/s -5.00 m/s 


which in turn gives t = (24.0 m)/(5.00 m/s) = 4.80 s. Since the rear of the slow-car pack 
has moved a distance of Ax-x-L = 24.0 m-12.0 m = 12.0 mdownstream, the speed of 
the rear of the slow-car pack, or equivalently, the speed of the shock wave, is 


Ax 12.0 m 

v <hock = — = = 2 -50 ™ s - 

t 4.80 s 


(c) Since x > L , the direction of the shock wave is downstream. 


13. (a) Denoting the travei time and distance from San Antonio to Houston as T and D, 
respectively, the average speed is 


D 

T 


(55 km/h)(772) + (90 km/h)(772) 


= 72.5 km/h 


which should be rounded to 73 km/h. 


(b) Using the fact that time = distance/speed while the speed is constant, we frnd 

D 


D 

s , = — 

avg 2 ji 

which should be rounded to 68 km/h. 


D 12 


+ 


Dl 2 


68.3 km/h 


55 km/h 1 90 km/h 


(c) The total distance traveled (2D) must not be confused with the net displacement (zero). 
We obtain for the two-way trip 


2D 


avg 


D 


+ 


D 


= 70 km/h. 


72.5 km/h 1 68.3 km/h 

(d) Since the net displacement vanishes, the average velocity for the trip in its entirety is 
zero. 

(e) In asking for a sketch, the problem is allowing the student to arbitrarily set the 
distance D (the intent is not to make the student go to an Atlas to look it up); the student 
can just as easily arbitrarily set T instead of D, as will be clear in the following discussion. 
We briefly describe the graph (with kilometers-per-hour understood for the slopes): two 
contiguous line segments, the first having a slope of 55 and connecting the origin to (h, xi) 
= (772, 557/2) and the second having a slope of 90 and connecting (ti, xi) to (T, D) where 
D = (55 + 90)7/2. The average velocity, from the graphical point of view, is the slope of a 
line drawn from the origin to (T, D). The graph (not drawn to scale) is depicted below: 


(T,D) 



14. We use the functional notation x(f), v(t) and a(t) in this solution, where the latter two 
quantities are obtained by differentiation: 

v{t)= <m = _ nt and fl(/)= M = _ 12 
w dt v 1 dt 

with SI units understood. 

(a) From v(f) = 0 we find it is (momentarily) at rest at t = 0. 

(b) Weobtainx(0) = 4.0m 

(c) and (d) Requiring x(t) = 0 in the expression x(f) = 4.0 - 6.0t 2 leads to t = ±0.82 s for 
the times when the particle can be found passing through the origin. 

(e) We show both the asked-for graph (on the left) as well as the "shifted" graph which is 
relevant to part (f). In both cases, the time axis is given by -3 < t < 3 (SI units 
understood). 


JC 



(f) We arrived at the graph on the right (shown above) by adding 20t to the x(f) 
expression. 

(g) Examining where the slopes of the graphs become zero, it is clear that the shift causes 
the v = 0 point to correspond to a larger value of x (the top of the second curve shown in 
part (e) is higher than that of the first). 


15. We use Eq. 2-4. to solve the problem. 

(a) The velocity of the particle is 

v = — = — (4-12Í + 3í 2 ) =-\2 + 6t. 
dt dt 

Thus, at t = 1 s, the velocity is v = (-12 + (6)(1)) = -6 m/s. 

(b) Since v < 0, it is moving in the negative x direction at t = 1 s. 

(c) At í = 1 s, the speed is |v| = 6 m/s. 

(d) For 0 < t < 2 s, |v| decreases until it vanishes. For 2 < t < 3 s, |v| increases from zero to 
the value it had in part (c). Then, |v| is larger than that value for t > 3 s. 

(e) Yes, since v smoothly changes from negative values (consider the t = 1 result) to 
positive (note that as t — > + °°, we have v — > + «=). One can check that v = 0 when í = 2 s. 

(f) No. In fact, from v = -12 + 6t, we know that v > 0 for t > 2 s. 


1 6. Using the general property exp(bx) = b exp(òx) , we write 


v = 


dx 
dt 


d(\9t) 

. dt . 


e~' + (190 


de' 1 
dt 


If a concern develops about the appearance of an argument of the exponential (-f) 
apparently having units, then an explicit factor of 1/Twhere T= \ second can be inserted 
and carried through the computation (which does not change our answer). The result of 
this differentiation is 

v = 16(l - t)e~' 


with t and v in SI units (s and m/s, respectively). We see that this function is zero when t 
= 1 s. Now that we know when it stops, we find out where it stops by plugging our 
result t = 1 into the given function x = \6te~ l with x in meters. Therefore, we find x = 5.9 
m. 


17. We use Eq. 2-2 for average velocity and Eq. 2-4 for instantaneous velocity, and work 
with distances in centimeters and times in seconds. 

(a) We plug into the given equation for x for t = 2.00 s and t = 3.00 s and obtain %2 = 
21.75 cm and X3 = 50.25 cm, respectively. The average velocity during the time interval 
2.00<í<3.00sis 

_ Ax _ 50.25 cm- 21.75 cm 
Vavg_ Aí" 3.00 s -2.00 s 

which yields v avg = 28.5 cm/s. 

(b) The instantaneous velocity is v = ^- = 45t 2 , which, at time t = 2.00 s, yields v = 
(4.5)(2.00) 2 = 18.0 cm/s. 

(c) At t = 3.00 s, the instantaneous velocity is v = (4.5)(3.00) 2 = 40.5 cm/s. 

(d) At t = 2.50 s, the instantaneous velocity is v = (4.5)(2.50) = 28.1 cm/s. 

(e) Let t m stand for the moment when the particle is midway between xi and X3 (that is, 
when the particle is atx m = (X2 + x{)l2 = 36 cm). Therefore, 

x m = 9.75 + \5tl => t m = 2.596 

in seconds. Thus, the instantaneous speed at this time is v = 4.5(2.596) = 30.3 cm/s. 

(f) The answer to part (a) is given by the slope of the straight line between t = 2 and t = 3 
in this x-vs-t plot. The answers to parts (b), (c), (d) and (e) correspond to the slopes of 
tangent Unes (not shown but easily imagined) to the curve at the appropriate points. 

x (cm) 


18. We use the functional notation x(f), v(f) and a{t) and find the latter two quantities by 
differentiating: 

, , dx(t) . , s dv(t) 

v(t) = — y - 1 = -\5t 2 + 20 and a(t) = — — = - 30í 

with SI units understood. These expressions are used in the parts that follow. 

(a) From 0= -\5t 2 + 20 , we see that the only positive value of t for which the particle 
is (momentarily) stopped is t = V20/ 15 = 1.2 s . 

(b) From 0 = - 30t, we find a(0) = 0 (that is, it vanishes at t = 0). 

(c) It is clear that a{f) = — 30í is negative for t > 0 

(d) The acceleration a{f) = - 30í is positive for t < 0. 

(e) The graphs are shown below. SI units are understood. 


X V 



a 


19. We represent its initial direction of motion as the +x direction, so that vo = +18 m/s 
and v = -30 m/s (when t = 2.4 s). Using Eq. 2-7 (or Eq. 2-11, suitably interpreted) we find 


(-30 m/s) - (+1 m/s) „ rt , 2 

which indicates that the average acceleration has magnitude 20 m/s 2 and is in the opposite 
direction to the particle's initial velocity. 


2 3 

20. (a) Taking derivatives of x(t) = \2t - 2t we obtain the velocity and the acceleration 
functions: 

v(í) = 24t - 6t 2 and a(t) = 24 - \2t 

with length in meters and time in seconds. Plugging in the value t = 3 yields 
x(3) = 54m. 

(b) Similarly, plugging in the value t = 3 yields v(3) =18 m/s. 

(c) Forí=3,a(3) = -12m/s 2 . 

(d) At the maximum x, we must have v = 0; eliminating the t = 0 root, the velocity 
equation reveals t = 24/6 = 4 s for the time of maximum x. Plugging t = 4 into the 
equation for x leads to x = 64 m for the largest x value reached by the particle. 

(e) From (d), we see that the x reaches its maximum at t = 4.0 s. 

(f) A maximum v requires a = 0, which occurs when t = 24/12 = 2.0 s. This, inserted into 
the velocity equation, gives v max = 24 m/s. 

(g) From (f), we see that the maximum of v occurs at t = 24/12 = 2.0 s. 

(h) In part (e), the particle was (momentarily) motionless at t = 4 s. The acceleration at 
that time is readily found to be 24 - 12(4) = -24 m/s . 

(i) The average velocity is defined by Eq. 2-2, so we see that the values of x at t = 0 and t 
= 3 s are needed; these are, respectively, x = 0 and x = 54 m (found in part (a)). Thus, 

54 "° 1« / 

Vavg= = ' 


21. In this solution, we make use of the notation x(i) for the value of x at a particular t. 
The notations v{t) and a{t) have similar meanings. 

2 2 2 

(a) Since the unit of ct is that of length, the unit of c must be that of length/time , or m/s 
in the SI system. 

(b) Since has a unit of length, ò must have a unit of length/time , or m/s . 

(c) When the particle reaches its maximum (or its minimum) coordinate its velocity is 
zero. Since the velocity is given by v = dxldt = 2ct - 3bt 2 , v = 0 occurs for t = 0 and for 

2c 2(3.0 m/s 2 ) in 

t = — = — f- = LO s . 

3b 3(2.0 m/s 3 ) 

For t = 0, x = xo = 0 and for t = l .0 s, x = l .0 m > xo. Since we seek the maximum, we 
reject the first root (t = 0) and accept the second (t = ls). 

(d) In the first 4 s the particle moves from the origin to x = l.O m, turns around, and goes 
back to 

Jt(4 s) = (3.0m/s 2 )(4.0s) 2 - (2.0 ml s 3 )(4.0 s) 3 = -80m. 
The total path length it traveis is l .0 m + l .0 m + 80 m = 82 m. 

(e) Its displacement is Ax = X2 - x\, where x\ = 0 and X2 = -80 m. Thus, Ax - -80 m _ 
The velocity is given by v = 2ct - 3bt 2 = (6.0 mls 2 )t - (6.0 mls 3 )t 2 . 

(f) Plugging in t = l s, we obtain 

v(l s) = (6.0 m/s 2 )(l.O s) - (6.0 m/s 3 )(l.O s) 2 = 0. 

(g) Similarly, v(2 s) = (6.0 m/s 2 )(2.0 s)-(6.0 m/s 3 )(2.0 s) 2 = -I2m/s . 

(h) v(3s) = (6.0m/s 2 )(3.0s)-(6.0m/s 3 )(3.0s) 2 = -36 m/s. 

(i) V (4 s) = (6.0 m/s 2 )(4.0 s)-(6.0 m/s 3 )(4.0 s) 2 =-72 m/s . 

2 3 

The acceleration is given by a = dvldt = 2c-6b = 6.0 m/s - (12. 0 m/s )í. 
(j) Plugging in t = 1 s, we obtain 

a(l s) = 6.0 m/s 2 -(12.0 m/s 3 )(1.0 s) = -6.0 m/s 2 , 
(k) a(2 s) = 6.0 m/s 2 - (12.0 m/s 3 )(2.0 s) = -18 m/s 2 . 
(1) a(3 s) = 6.0 m/s 2 - (12.0 m/s 3 )(3.0 s) = -30 m/s 2 , 
(m) o(4s) = 6.0 m/s 2 -(12.0 m/s 3 )(4.0 s) = -42 m/s 2 . 


22. We use Eq. 2-2 (average velocity) and Eq. 2-7 (average acceleration). Regarding our 
coordinate choices, the initial position of the man is taken as the origin and his direction 
of motion during 5 min < t < 10 min is taken to be the positive x direction. We also use 
the fact that Áx = vAf when the velocity is constant during a time interval At' . 

(a) The entire interval considered is At = 8 - 2 = 6 min which is equivalent to 360 s, 
whereas the sub-interval in which he is moving is only At' = 8 - 5 = 3 min = 180 s. His 
position at t = 2 min is x = 0 and his position at t = 8 min is x = vAt = 
(2.2)(1 80) = 396 m . Therefore, 

396 m - 0 
K™ = = 1.10 ml s. 


avg 


360 s 


(b) The man is at rest at t = 2 min and has velocity v 
keeping the answer to 3 significant figures, 


+2.2 m/s at t = 8 min. Thus, 


2.2 m/s - 0 
36Õ~s 


0.00611 m/s 2 


(c) Now, the entire interval considered is At = 9 - 3 = 6 min (360 s again), whereas the 
sub-interval in which he is moving is Af= 9 -5 = 4min = 240 s ). His position at 
í = 3minis x = 0 and his position at t = 9 min is x = vAf = (2.2)(240) = 528 m . 
Therefore, 


avg 


528 m - 0 
360 s 


1.47 m/s. 


(d) The man is at rest at t = 3 min and has velocity v = +2.2 m/s at t = 9 min. 


Consequently, a avg = 2.2/360 = 0.00611 m/s just as in part (b). 

(e) The horizontal line near the bottom of this x-\s-t graph represents the man standing at 
x = 0 for 0 < t < 300 s and the linearly rising line for 300 < t < 600 s represents his 
constant-velocity motion. The dotted lines represent the answers to part (a) and (c) in the 
sense that their slopes yield those results. 



The graph of v-vs-í is not shown here, but would consist of two horizontal "steps" (one at 
v = 0 for 0 < t < 300 s and the next at v = 2.2 m/s for 300 < t < 600 s). The indications of 
the average accelerations found in parts (b) and (d) would be dotted lines connecting the 
"steps" at the appropriate t values (the slopes of the dotted lines representing the values 

of a avg ). 


23. We use v = v 0 + at, with t = O as the instant when the velocity equals +9.6 m/s. 

(a) Since we wish to calculate the velocity for a time before t = 0, we set t = -2.5 s. Thus, 
Eq. 2-11 gives 

v = (9.6m/s) +(3.2 m/s 2 ) (-2.5 s) = 1.6 m/s. 

(b) Now, í = +2.5 s and we find 

v = (9.6m/s) +(3.2 m/s 2 ) (2.5 s) = 18 m/s. 


24. The constant-acceleration condition permits the use of Table 2-1. 

(a) Setting v = 0 and xo = 0 in v 2 = v 2 + 2a(x - x 0 ) , we find 

I= _Ii = _i(^oxioV =0100m 

2 a 2 -1.25 x IO 14 

Since the muon is slowing, the initial velocity and the acceleration must have opposite 
signs. 

(b) Below are the time-plots of the position x and velocity v of the muon from the 
moment it enters the field to the time it stops. The computation in part (a) made no 
reference to t, so that other equations from Table 2-1 (such as v = v 0 +aíand 

x - v 0 t + jat 2 ) are used in making these plots. 


X (cm) v (Mm/s) 



t(ns) 


25. The constant acceleration stated in the problem permits the use of the equations in 
Table2-1. 

(a) We solve v = v 0 + at for the time: 

t= v-^ = A(3.0xlO'm/s) = 31xl()<s 
a 9.8 m/s 2 

which is equivalent to 1 .2 months. 


(b) We evaluate x - x 0 + v 0 t + \ at 1 , with xo = 0. The result is 


x = |(9.8m/s 2 )(3.1x!0 6 s) 2 =4.6xl0 13 m 


26. We take +x in the direction of motion, so vo = +24.6 m/s and a = - 4.92 m/s 2 . We also 
take xo = 0. 

(a) The time to come to a halt is found using Eq. 2-11: 

0 = v 0 + at => f = 24 - 6m/s =5 0Qs 

-4.92 m/s 2 

(b) Although several of the equations in Table 2-1 will yield the result, we choose Eq. 
2-16 (since it does not depend on our answer to part (a)). 

n 2 ^ 0 _ (24.6 m/s) 2 

0 = v n + 2ax =^> x= -—7 ^— = 61.5m. 

2 (-4.92 m/s 2 ) 

(c) Using these results, we plot v 0 t + \at 2 (the x graph, shown next, on the left) and v 0 + 
at (the v graph, on the right) over 0 < t < 5 s, with SI units understood. 


27. Assuming constant acceleration permits the use of the equations in Table 2-1. We 
solve v 2 = v 2 0 + 2a(x-x 0 ) withxo = 0 and x = 0.010 m. Thus, 

a = lzA= <^xlO' ^'-(1.5X10' Ws)' p , 

2x 2(0.010 m) 


28. In this problem we are given the initial and final speeds, and the displacement, and 
asked to find the acceleration. We use the constant-acceleration equation given in Eq. 
2-16, v 2 = vo + 2a(x - xo). 

(a) With v 0 = 0 , v = 1 .6 m/s and Ax = 5.0//m, the acceleration of the spores during the 
launch is 


a - 


v 2 -v 0 2 _ (1.6 m/s) 2 


= 2.56X10 5 m/s 2 


2.6xl0 4 g 


2x 2(5.0x1 0" 6 m) 


(b) During the speed-reduction stage, the acceleration is 


a - 


, 2 
o 


0- (1.6 m/s) 2 
2(1 .0x1 0" 3 m) 


= -1.28xl0 3 m/s 2 


-1.3xl0 2 g 


2x 


The negative sign means that the spores are decelerating. 


29. We separate the motion into two parts, and take the direction of motion to be positive. 
In part 1, the vehicle accelerates from rest to its highest speed; we are given vo = 0; v = 
20 m/s and a = 2.0 m/s 2 . In part 2, the vehicle decelerates from its highest speed to a 
halt; we are given vo = 20 m/s; v = 0 and a = -1 .0 m/s (negative because the acceleration 
vector points opposite to the direction of motion). 

(a) From Table 2-1, we find t\ (the duration of part 1) from v = vo + at. In this way, 
20 = 0 + 2.0^)^6^8 t\ = 10 s. We obtain the duration t 2 of part 2 from the same 

equation. Thus, 0 = 20 + (-1 .0)Í2 leads to ti = 20 s, and the total is t = t\ + t 2 = 30 s. 

2 2 

(b) For part 1, taking x 0 = 0, we use the equation v = v 0 + 2a(x - x 0 ) from Table 2-1 and 
find 

v 2 -v 0 2 (20 m/s) 2 -(O) 2 

x = = = 100 m . 

2a 2(2.0 m/s 2 ) 

This position is then the initial position for part 2, so that when the same equation is 
used in part 2 we obtain 

... v 2 -v 2 (O) 2 -(20 m/s) 2 
x-100 m = = — ^ 

2a 2(-1.0m/s 2 ) 

Thus, the final position is x = 300 m. That this is also the total distance traveled should be 
evident (the vehicle did not "backtrack" or reverse its direction of motion). 


30. The acceleration is found from Eq. 2-11 (or, suitably interpreted, Eq. 2-7). 


_ Av _ 
ã ~ At ~ 


(1020 km /h) 


1000 m/km 
3600 s/h 


1.4 s 


= 202.4 m/s 2 


In terms of the gravitational acceleration g, this is expressed as a multiple of 9.8 m/s as 
follows: 


a - 


^ 202.4 m/s n 
9.8 m/s 2 


g = 21g 


3 1 . We assume the periods of acceleration (duration t\) and deceleration (duration ti) are 
periods of constant a so that Table 2-1 can be used. Taking the direction of motion to be 

2 2 

+x then a\ = +1 .22 m/s and a 2 = -1 .22 m/s . We use SI units so the velocity at t = t\ is v = 
305/60 = 5.08 m/s. 

(a) We denote Ax as the distance moved during t\, and use Eq. 2-16: 

v 2 =v 2 +2a,Ax => Ax= (5 '° 8m/s) 7 = 10.59 m « 10.6 m. 
0 1 2(1.22 m/s 2 ) 

(b) Using Eq. 2-11, we have 

v-v n 5.08 m/s . 

í, - = r = 4.17 s. 

a x 1.22 m/s 

The deceleration time t 2 turns out to be the same so that t\ + ti = 8.33 s. The distances 
traveled during t\ and h are the same so that they total to 2(10.59 m) = 21.18 m. This 
implies that for a distance of 190 m - 21.18 m = 168.82 m, the elevator is traveling at 
constant velocity. This time of constant velocity motion is 

t 168.82 m 

t, = = 33.21 s. 

3 5.08 m/s 


Therefore, the total time is 8.33 s + 33.21 s = 41.5 s. 


32. We choose the positive direction to be that of the initial velocity of the car (implying 
that a < 0 since it is slowing down). We assume the acceleration is constant and use Table 
2-1. 

(a) Substituting v 0 = 137 km/h = 38.1 m/s, v = 90 km/h = 25 m/s, and a = -5.2 m/s into v 
= v 0 + at, we obtain 


t = 


25 m/ s - 38 m/ s 
-5.2 m/s 2 


= 2.5 s . 


(b) We take the car to be at x = 0 when the brakes 
are applied (at time t = 0). Thus, the coordinate of 
the car as a function of time is given by 


80- 


X (cm) 



60- 


x = (38m/s)í + -(-5.2 m/s 2 )? 2 


40- 


in SI units. This function is plotted from t = 0 to t 
= 2.5 s on the graph below. We have not shown 
the v-vs-í graph here; it is a descending straight 
line from v 0 to v. 


20- 


0 


— i 1 1 1 r 

0.5 1.0 1.5 2.0 2.5 

t(s) 


33. The problem statement (see part (a)) indicates that a = constant, which allows us to 
use Table 2-1. 

(a) We take x 0 = 0, and solve x = v 0 t + \at 2 (Eq. 2-15) for the acceleration: a = 2(x - 
v 0 t)/t . Substituting x = 24.0 m, v 0 = 56.0 km/h = 15.55 m/s and t = 2.00 s, we find 

2(24.0m- (15.55m/s) (2.00s)) , 

a- — -= -3.56m/s , 

(2.00s) 

or | a |= 3.56 m/s 2 . The negative sign indicates that the acceleration is opposite to the 
direction of motion of the car. The car is slowing down. 

(b) We evaluate v = v 0 + at as folio ws: 

v= 15.55 m/s - (3.56 m/s 2 ) (2.00 s) = 8.43 m/s 

which can also be converted to 30.3 km/h. 


34. (a) Eq. 2-15 is used for part 1 of the trip and Eq. 2-18 is used for part 2: 
Axi = Voi h+ 2 fli t\ where a\ = 2.25 m/s 2 and Axi = m 

A^2 = v 2 h - \ci2 ti where ã2 = -0.75 m/s 2 and Ax 2 = m 

In addition, v 0 i = v 2 = 0. Solving these equations for the times and adding the results gives 
t = h + h = 56.6 s. 

(b) Eq. 2-16 is used for part 1 of the trip: 

v 2 = (v ol ) 2 + laiÁxx = 0 + 2(2.25)( ^ ) = 1013 m 2 /s 2 
which leads to v = 31.8 m/s for the maximum speed. 


35. (a) From the figure, we see that xo = -2.0 m. From Table 2-1, we can apply x - xo = 
v 0 t + \ at 2 with t= 1.0 s, and then again with t = 2.0 s. This yields two equations for the 

two unknowns, v 0 and a: 

0.0-(-2.0 m)=v 0 (1.0 s) + |a(1.0 sf 
6.0 m-(-2.0 m)=v 0 (2.0 s) + |a(2.0 s) 2 . 

Solving these simultaneous equations yields the results v 0 = 0 and a = 4.0 m/s . 

(b) The fact that the answer is positive tells us that the acceleration vector points in the +x 
direction. 


36. We assume the train accelerates from rest (v 0 = 0 and x 0 = 0) at a l = +1.34 vai s 2 
until the midway point and then decelerates at a 2 = -1.34 m/ s 2 until it comes to a stop 
(v 2 = 0) at the next station. The velocity at the midpoint is V\ which occurs at x\ = 806/2 
= 403m. 

(a) Eq. 2-16 leads to 

v 2 = v 2 + 2a x x x => v l = ^2(1.34 m/s 2 ) (403 m) = 32.9 m/s. 

(b) The time t\ for the accelerating stage is (using Eq. 2-15) 


1 . 2(403 m) 

x,=v n t,+-a£ => t,=J— f = 24.53 s. 

1 01 2 11 1 \ 1.34 m/s 2 

Since the time interval for the decelerating stage turns out to be the same, we double this 
result and obtain t = 49. 1 s for the travei time between stations. 

(c) With a "dead time" of 20 s, we have T = t + 20 = 69.1 s for the total time between 
start-ups. Thus, Eq. 2-2 gives 

806 m 

v a v E = = 11.7 m/s. 

avg 69.1 s 


(d) The graphs for x, v and a as a function of t are shown below. SI units are understood. 
The third graph, a(t), consists of three horizontal "steps" — one at 1 .34 during 0 < t < 
24.53 and the next at -1.34 during 24.53 < t < 49.1 and the last at zero during the "dead 
time" 49.\<t< 69.1). 



-1.5 


37. (a) We note that v A = 12/6 = 2 m/s (with two significant figures understood). 
Therefore, with an initial x value of 20 m, car A will be at x = 28 m when í = 4s. This 
must be the value of x for car B at that time; we use Eq. 2-15: 

28 m = (12 m/s)í + \ a B t 2 whereí = 4.0s. 
This yields aa=— 2.5 m/s 2 . 

(b) The question is: using the value obtained for a B in part (a), are there other values of t 
(besides t = 4 s) such that xa = xb ? The requirement is 

20 + 2t= I2t+ \ a B t 2 

where a B = -5/2. There are two distinct roots unless the discriminant -\/l0 2 -2(-20)(aB) 
is zero. In our case, it is zero - which means there is only one root. The cars are side by 
side only once at t = 4 s. 

(c) A sketch is shown below. It consists of a straight line (xa) tangent to a parábola (xb) at 
t = 4. 

x (m) 



there are no (real) solutions to the equation; the cars are never side by side. 


(e) Here we have IO 2 - 2(-20)(a B ) > 0 => two real roots. The cars are side by side at 
two different times. 


38. We take the direction of motion as +x, so a = -5.18 m/s , and we use SI units, so v 0 = 
55(1000/3600)= 15.28 m/s. 

(a) The velocity is constant during the reaction time T, so the distance traveled during it is 

d r = v 0 T- (15.28 m/s) (0.75 s)= 11.46 m. 

We use Eq. 2-16 (with v = 0) to find the distance dt traveled during braking: 

2 2 (15.28 m/s) 2 
v = v n + 2aa, => d, = -, -r- 

2(-5.18m/s 2 ) 

which yields db = 22.53 m. Thus, the total distance is d r + db = 34.0 m, which means that 
the driver is able to stop in time. And if the driver were to continue at v 0 , the car would 
enter the intersection in t = (40 m)/(15.28 m/s) = 2.6 s which is (barely) enough time to 
enter the intersection before the light turns, which many people would consider an 
acceptable situation. 

(b) In this case, the total distance to stop (found in part (a) to be 34 m) is greater than the 
distance to the intersection, so the driver cannot stop without the front end of the car 
being a couple of meters into the intersection. And the time to reach it at constant speed is 
32/15.28 = 2.1 s, which is too long (the light turns in 1.8 s). The driver is caught between 
a rock and a hard place. 


39. The displacement (Ax) for each train is the "area" in the graph (since the displacement 
is the integral of the velocity). Each area is triangular, and the area of a triangle is 
l/2( base) x (height). Thus, the (absolute value of the) displacement for one train (l/2)(40 
m/s)(5 s) = 100 m, and that of the other train is (l/2)(30 m/s)(4 s) = 60 m. The initial 
"gap" between the trains was 200 m, and according to our displacement computations, 
the gap has narrowed by 160 m. Thus, the answer is 200 - 160 = 40 m. 


40. Let d be the 220 m distance between the cars at t = 0, and Vi be the 20 km/h = 50/9 
m/s speed (corresponding to a passing point of X\ = 44.5 m) and v 2 be the 40 km/h =100/9 
m/s speed (corresponding to passing point of x 2 = 76.6 m) of the red car. We have two 
equations (based on Eq. 2-17): 

1 2 

d-X\ = v 0 t\ +2 at \ where U = x\/v\ 

1 2 

d - x 2 = v 0 t 2 + where t 2 = x 2 /v 2 

We simultaneously solve these equations and obtain the following results: 

(a) v 0 = - 13.9 m/s. or roughly - 50 km/h (the negative sign means that it's along the -x 
direction). 

(b) a = - 2.0 m/s (the negative sign means that it's along the -x direction). 


41. The positions of the cars as a function of time are given by 

x r (t) = x r0 +^af=(-35.0m) + ^a/ 
Xg (t) = Xg0 + v g t = (270 m) - (20 m/s)í 

where we have substituted the velocity and not the speed for the green car. The two cars 
pass each other at t = 12.0 s when the graphed lines cross. This implies that 

(270 m)-(20 m/s)(12.0 s) = 30 m = (-35.0 m) + ^a r (12.0 s) 2 

which can be solved to give a r = 0.90 m/s 2 . 


1 . A vector a can be represented in the magnitude-angle notation (a, 9), where 


is the magnitude and 


0 = tan 1 

is the angle a makes with the positive x axis. 


(a) Given^ x = -25.0 m and 4,= 40.0 m, A = ^(-25.0 m) 2 +(40.0 m) 2 = 47.2 m 

(b) Recalling that tan 0= tan (0+ 180°), tan" 1 [(40.0 m)/ (- 25.0 m)] = - 58° or 122°. 
Noting that the vector is in the third quadrant (by the signs of its x and y components) we 
see that 122° is the correct answer. The graphical calculator "shortcuts" mentioned above 
are designed to correctly choose the right possibility. 


2. The angle described by a full circle is 360° = 2n rad, which is the basis of our 
conversion factor. 


(a) 
(b) 
(c) 
(d) 

(e) 
(f) 


20.0° = (20.0°) = 0.349 rad 

v ; 360° 


50.0° = (50.0°)^^ = 0.873 rad . 
v ; 360° 


100° = (100°)^^ = 1.75 rad 
v ; 360° 


360° 

0.330 rad= (0.330 rad) =18.9°. 
v ; 2^-rad 


2.10 rad = (2.10 rad) 36 °° =120°. 
V ; 2^rrad 


7.70 rad = (7.70 rad) 36 °° =441' 
V ; 2^rrad 


3. The x and the y components of a vector a lying on the xy plane are given by 


a x =acos0, a y =aúnO 

where a =| a | is the magnitude and #is the angle between a and the positive x axis. 

(a) The x component of a is given by a x = 7.3 cos 250° = - 2.5 m. 

(b) and the y component is given by a y = 73 sin 250° = - 6.9 m. 

In considering the variety of ways to compute these, we note that the vector is 70° below 
the - x axis, so the components could also have been found from a x = - 7.3 cos 70° and 
a y = - 13 sin 70°. In a similar vein, we note that the vector is 20° to the left from the —y 
axis, so one could use a x = - 7.3 sin 20° and a y = - 7.3 cos 20° to achieve the same results. 


4. (a) The height is h = d sinfí, where d = 12.5 m and 0= 20.0°. Therefore, h = 4.28 m. 
(b) The horizontal distance is d cos0= 1 1.7 m. 


5. The vector sum of the displacements d storm and d new must give the same result as its 
originally intended displacement d 0 =(120km)j where east is i, north is j. Thus, we 
write 

Í torm = (100km)í, < ew =Ai+B). 

(a) The equation d storm + d nev/ =d 0 readily yields A = -100 km and B = 120 km. The 
magnitude of d new is therefore equal to | d nevi | = ^A 2 + B 2 =156 km . 

(b) The direction is tan" 1 (B/A) = -50.2° or 180° + ( -50.2°) = 129.8°. We choose the 
latter value since it indicates a vector pointing in the second quadrant, which is what we 
expect here. The answer can be phrased several equivalent ways: 129.8° 
counterclockwise from east, or 39.8° west from north, or 50.2° north from west. 


6. (a) With r = 15 m and 6= 30°, the x component of r is given by 

r x = rcosô = (15 m) cos 30° = 13 m. 
(b) Similarly, the y component is given by r y = r únO = (15 m) sin 30° = 7.5 m. 


7. The length unit meter is understood throughout the calculation. 

(a) We compute the distance from one corner to the diametrically opposite corner: 
V(3.00 m) 2 +(3.70 m) 2 +(4.30 m) 2 . 
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(b) The displacement vector is along the straight line from the beginning to the end point 
of the trip. Since a straight line is the shortest distance between two points, the length of 
the path cannot be less than the magnitude of the displacement. 

(c) It can be greater, however. The fly might, for example, crawl along the edges of the 
room. Its displacement would be the same but the path length would be 
l + w+h = U.0m. 

(d) The path length is the same as the magnitude of the displacement if the fly flies along 
the displacement vector. 


(e) We take the x axis to be out of the page, the y axis to be to the right, and the z axis to 
be upward. Then the x component of the displacement is w = 3.70 m, the y component of 
the displacement is 4.30 m, and the z component is 3.00 m. Thus, 


d = (3.70 m)í +(4.30 m) ]+(3.00 m)k . 


An equally correct answer is gotten by interchanging the length, width, and height. 



(f) Suppose the path of the fly is as shown by the dotted lines on the upper diagram. 
Pretend there is a hinge where the front wall of the room joins the fioor and lay the wall 
down as shown on the lower diagram. The shortest walking distance between the lower 
left back of the room and the upper right front corner is the dotted straight line shown on 
the diagram. Its length is 


A™ = yj{w+h) 2 + e 2 = ^(3.70 m + 3.00 m) 2 + (4.30 m) 2 = 7.96 m . 


8. We label the displacement vectors A , B and C (and denote the result of their vector 
sum as r ). We choose east as the i direction (+jc direction) and north as the j direction 
(+y direction). We note that the angle between C and the x axis is 60°. Thus, 


A = (50km)í 
B = (30km)j 

C = (25 km) cos (60°) í + (25 km)sin(60°) j 


(a) The total displacement of the car from its initial position is represented by 

r = Ã + B + C =(62.5 km)í + (51.7 km)j 
which means that its magnitude is 

\r\ = 7(62. 5 km) 2 + (5 1.7 km) 2 = 81 km. 

(b) The angle (counterclockwise from +x axis) is tan -1 (51.7 km/62.5 km) = 40°, which is 
to say that it points 40° north of east. Although the resultant r is shown in our sketch, it 
would be a direct line from the "tail" of A to the "head" of C . 



9. We write r = a+b . When not explicitly displayed, the units here are assumed to be 
meters. 

(a) The x and the y components of r are r x = a x + b x = (4.0 m) - (13 m) = -9.0 m and r y = 
a y + b y = (3.0 m) + (7.0 m) = 10 m, respectively. Thus r = (-9.0 m)í + (10m) j . 

(b) The magnitude of r is 

r=\7\=^r 2 x +r^ =yJ(-9.0 m) 2 + (10m) 2 =13 m. 

(c) The angle between the resultant and the +x axis is given by 

0= tan _1 (rA) = tan_1 [( 10 m V( " 9 -° m )] = " 48 ° or 132 °- 

Since the x component of the resultant is negative and the y component is positive, 
characteristic of the second quadrant, we find the angle is 132° (measured 
counterclockwise from +x axis). 


10. We label the displacement vectors A , B and C (and denote the result of their vector 
sum as r ). We choose east as the i direction (+jc direction) and north as the j direction 
(+y direction) AU distances are understood to be in kilometers. 

(a) The vector diagram representing the motion is shown below: 
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A = (3.1 km) j 
B =(-2.4 km)í 
C=(-5.2 km)j 


(b) The final point is represented by 


F = ^ + J g + C = (-2.4km)i + (-2.1 km)j 


whose magnitude is 


r| = J(-2.4km) +(-2.1 km) -3.2 km 


(c) There are two possibilities for the angle: 


6> = tan 


f -2.1 km ^ 
v -2.4 km y 


= 41°,or 221°, 


We choose the latter possibility since r is in the third quadrant. It should be noted that 
many graphical calculators have polar <-> rectangular "shortcuts" that automatically 
produce the correct answer for angle (measured counterclockwise from the +x axis). We 
may phrase the angle, then, as 221° counterclockwise from East (a phrasing that sounds 
peculiar, at best) or as 41° south from west or 49° west from south. The resultant r is 
not shown in our sketch; it would be an arrow directed from the "tail" of A to the "head" 
of C. 


11. We find the components and then add them (as scalars, not vectors). With d = 3.40 
km and 0= 35.0° we find d cos 0 + d sin 0= 4.74 km. 


12. (a) ã + b = (3.0Í + 4.0 ]) m + (5.0i-2.0j) m = (8.0 m)í + (2.0 m)j. 

(b) The magnitude of a + b is 

\a+b |=V(8.0m) 2 + (2.0 m) 2 =8.2 m. 

(c) The angle between this vector and the +x axis is tan~'[(2.0 m)/(8.0 m)] = 14°. 

(d) £-a = (5.0i-2.0j) m-(3.0Í + 4.0j)m = (2.0m)í-(6.0 m)j. 

(e) The magnitude of the difference vector b - a is 

| £ - 3 |= ^(2.0 m) 2 + (-6.0 m) 2 = 6.3 m. 

(f) The angle between this vector and the +x axis is tan"'[( -6.0 m)/(2.0 m)] = -72°. The 
vector is 72° clockwise from the axis defined by i . 


13. Ali distances in this solution are understood to be in meters. 

(a) fl+6=[4.0+(-1.0)]i + [(-3.0)+1.0]j+(1.0+4.0)k = (3.0i-2.0j+5.0k)m. 

(b) fl-6=[4.0-(-1.0)]i+[(-3.0)-1.0]j+(1.0-4.0)k = (5.0i-4.0j-3.0k)m. 

(c) The requirement ã-b+c = 0 leads to c=b-a, which we note is the opposite of 
what we found in part (b). Thus, c=(-5.0i + 4.0 j + 3.0k)m. 


14. The x, y and z components of r - c + d are, respectively, 

(a) r s =c x + d x =7.4 m+ 4.4 m = 12 m, 

(b) r y =c y + d y =-3.8 m - 2 . 0 m = -5 . 8 m , and 

(c) r z = c z + d 2 =-6.1 m + 3.3 m = -2.8 m. 


15. Reading carefully, we see that the (x, y) specifications for each "dart" are to be 
interpreted as (Ax, Ay) descriptions of the corresponding displacement vectors. We 
combine the different parts of this problem into a single exposition. 


(a) Along the x axis, we have (with the centimeter unit understood) 

30.0 + b x - 20.0 -80.0 = -140, 

which gives b x = -70.0 cm. 

(b) Along the y axis we have 

40.0 - 70.0 + c y - 70.0 = -20.0 

which yields c y = 80.0 cm. 

(c) The magnitude of the final location (-140 , -20.0) is ^/(-140) 2 +(-20.0) 2 = 141 cm. 

(d) Since the displacement is in the third quadrant, the angle of the overall displacement 
is given by ^ + tan _1 [(-20.0)/(-140)]or 188° counterclockwise from the +x axis (172° 
clockwise from the +x axis). 


16. If we wish to use Eq. 3-5 in an unmodified fashion, we should note that the angle 
between C and the +x axis is 180° + 20.0° = 200°. 

(a) The x and y components of B are given by 

B X = C X -A X = (15.0 m) cos 200° - (12.0 m) cos 40° = -23.3 m, 
B y =Cy-A y = (15.0 m) sin 200° - (12.0 m) sin 40° = -12.8 m. 


Consequently, its magnitude is \B\ = -^(-23.3 m) 2 + (-12.8 m) 2 =26.6 m. 

(b) The two possibilities presented by a simple calculation for the angle between B and 
the +x axis are tan _1 [( -12.8 m)/( -23.3 m)] = 28.9°, and 180° + 28.9° = 209°. We choose 
the latter possibility as the correct one since it indicates that B is in the third quadrant 
(indicated by the signs of its components). We note, too, that the answer can be 
equivalently stated as -151°. 


17. It should be mentioned that an efficient way to work this vector addition problem is 
with the cosine law for general triangles (and since a,b and r form an isosceles triangle, 
the angles are easy to figure). However, in the interest of reinforcing the usual 

systematic approach to vector addition, we note that the angle b makes with the +x axis 
is 30° +105° = 135° and apply Eq. 3-5 and Eq. 3-6 where appropriate. 

(a) The x component of r is r x = (10.0 m) cos 30° + (10.0 m) cos 135° = 1.59 m. 

(b) The y component of r is r y = (10.0 m) sin 30° + (10.0 m) sin 135° = 12.1 m. 

(c) The magnitude of r is r = | r \ = yj(\.59 m) 2 + (12.1 m) 2 = 12.2 m. 

(d) The angle between r and the +x direction is tan _1 [(12.1 m)/(1.59 m)] = 82.5°. 


18. (a) Summing the x components, we have 

20 m + b x - 20 m - 60 m = -140 m, 

which gives b x = - 80 m. 

(b) Summing the y components, we have 

60 m - 70 m + c y - 70 m = 30 m, 

which implies c y =1 10 m. 

(c) Using the Pythagorean theorem, the magnitude of the overall displacement is given by 
^(-140 m) 2 + (30 m) 2 - 143 m. 

(d) The angle is given by tan _1 (30/(-140)) = -12° , (which would be 12° measured 
clockwise from the -x axis, or 168° measured counterclockwise from the +x axis) 


19. Many of the operations are done efficiently on most modern graphical calculators 
using their built-in vector manipulation and rectangular <-> polar "shortcuts." In this 
solution, we employ the "traditional" methods (such as Eq. 3-6). Where the length unit is 
not displayed, the unit meter should be understood. 

(a) Using unit-vector notation, 

a = (50 m) cos(30°)í + (50 m) sin(30°) j 
b =(50 m) cos (195°) í + (50 m)sin(195°)j 
c = (50 m) cos (3 15°) í + (50 m)sin(315°) j 
ã + b+c =(30.4 m) í — (23.3 m)j. 

The magnitude of this result is ^/(30.4 m) 2 + (-23.3 m) 2 = 38 m . 

(b) The two possibilities presented by a simple calculation for the angle between the 
vector described in part (a) and the +x direction are tan _1 [( -23.2 m)/(30.4 m)] = -37.5°, 
and 180° + ( -37.5°) = 142.5°. The former possibility is the correct answer since the 
vector is in the fourth quadrant (indicated by the signs of its components). Thus, the 
angle is -37.5°, which is to say that it is 37.5° clockwise from the +x axis. This is 
equivalent to 322.5° counterclockwise from +x. 

(c) We find 

a -b + c = [43.3 - (-48.3) + 35.4] í - [25 - ( - 12.9) + ( - 35.4)] ] = (127 í + 2.60 ]) m 
in unit-vector notation. The magnitude of this result is 

\a-b+c\ =V(127 m) 2 +(2.6 m) 2 = 1.30xl0 2 m. 

(d) The angle between the vector described in part (c) and the +x axis is 
tan _1 (2.6 m/127 m)«1.2° . 

(e) Using unit-vector notation, d is given by d = ã + b —c = (-40.4 i + 47.4 j) m , 
which has a magnitude of ^(-40.4 m) 2 + (47.4 m) 2 = 62 m. 

(f) The two possibilities presented by a simple calculation for the angle between the 
vector described in part (e) and the +x axis are tan~ 1 (47.4/(-40.4)) = -50.0° , and 
180° + (-50.0°) = 130° . We choose the latter possibility as the correct one since it 

indicates that d is in the second quadrant (indicated by the signs of its components). 


20. Angles are given in 'standard' fashion, so Eq. 3-5 applies directly. We use this to 
write the vectors in unit-vector notation before adding them. However, a very different- 
looking approach using the special capabilities of most graphical calculators can be 
imagined. Wherever the length unit is not displayed in the solution below, the unit meter 
should be understood. 

(a) Allowing for the different angle units used in the problem statement, we arrive at 

£ = 3.73 í + 4.70 j 
F = 1.29 í - 4.83 j 
G = \A5 í + 3.73 ] 
# = -5.20 í + 3.00 j 
Ê + F+G+H=\2% í +6.60 ]. 

(b) The magnitude of the vector sum found in part (a) is yj(1.2$ m) 2 +(6.60 m) 2 = 6.72 m . 

(c) Its angle measured counterclockwise from the +x axis is tan _1 (6.60/1.28) = 79.0°. 


(d) Using the conversion factor n rad = 180°, 79.0° = 1.38 rad. 


21. (a) With i directed forward andj directed leftward, then the resultant is (5.00 i + 2.00 
j) m . The magnitude is given by the Pythagorean theorem: ^(5.00 m) 2 +(2.00 m) 2 = 
5.385 m« 5.39 m. 


(b) The angle is tan 1 (2.00/5.00) «21.8° (left of forward). 


22. The desired result is the displacement vector, in units of km, A = (5.6 km), 90° 
(measured counterclockwise from the +x axis), or .4 = (5.6 km)j , where j is the unit 
vector along the positive y axis (north). This consists of the sum of two displacements: 
during the whiteout, B = (7.S km), 50° , or 

5 = (7.8 km)(cos50°i + sin50° j) = (5.01 km)Í + (5.98 km)j 

and the unknown C . Thus, A- B + C . 

(a) The desired displacement is given by C - 2-B = (-5.0 \ km) i — (0.38 km) j. The 
magnitude is ^(-5.0 \ km) 2 +(-0.38 km) 2 = 5 . 0 km. 


(b) The angle is tan^[(-0.38 km)/(-5.01 km)] = 4.3°, south of due west. 


23. The strategy is to find where the camel is ( C ) by adding the two consecutive 
displacements described in the problem, and then finding the difference between that 

location and the oásis ( B ). Using the magnitude-angle notation 

C = (24 Z -15°) + (8.0 Z 90°) = (23.25 Z 4.41°) 

so 

B-C = (25 Z 0 o ) - (23 .25 Z 4.41°) = (2.5 Z- 45°) 

which is efficiently implemented using a vector capable calculator in polar mode. The 
distance is therefore 2.6 km. 


24. Let y4 represent the first part of Beetle l's trip (0.50 m east or 0.5 i) and C 

represent the first part of Beetle 2's trip intended voyage (1.6 m at 50° north of east). For 

— » — > 
their respective second parts: B is 0.80 m at 30° north of east and D is the unknown. 

The final position of Beetle 1 is 

Ã + B = (0.5 m)í + (0.8m)(cos30° í + sin30° j) = (1.19 m) í + (0.40 m) ]. 
The equation relating these is A + B -C + D , where 

C = (1.60 m)(cos50.0°í + sin50.0°j) = (1.03 m)í + (1.23 m)j 
(a) We find D = A + B - C = (0 . 1 6 m)í + (-0 . 8 3 m)j , and the magnitude is D = 0.84 m. 


(b) The angle is tan~'(-0.83/0. 16) = -79° which is interpreted to mean 79° south of 
east (or 1 I o east of south). 


25. The resultant (along the y axis, with the same magnitude as C ) forais (along with 

-> -> 

C ) a side of an isosceles triangle (with 5 foraiing the base). If the angle between C 
and the y axis is 0 = tan~'(3/ 4) = 36.87° , then it should be clear that (referring to the 
magnitudes of the vectors) B = 2Csin(#/2) . Thus (since C = 5.0) we find B = 3.2. 


26. As a vector addition problem, we express the situation (described in the problem 

— > — > A — > A A A 

statement) as A + B = (3y4)j,where A =Ai and 5 = 7.0 m. Since i we may 
use the Pythagorean theorem to express B in terms of the magnitudes of the other two 
vectors: 

B = ^j(3Â) 2 +A 2 => A=~f=B = 2.2m. 


27. Let / 0 = 2.0 cm be the length of each segment. The nest is located at the endpoint of 
segment w. 

(a) Using unit-vector notation, the displacement vector for point A is 

d A =w+v + T + h= / 0 (cos 60°í + sin60° j) + (/ 0 j) + /„ (cos 120°í + sinl20° j) + (/ 0 j) 
= (2 + V3)/ 0 j. 

Therefore, the magnitude of d A is \d A \ = (2 + V3)(2.0 cm) = 7.5 cm . 

(b) The angle of d A is 6 = tan"'(^ <y ld A x ) = tan _1 (oo) = 90° . 

(c) Similarly, the displacement for point B is 


d B =w + v + j + p + Õ 


= / 0 (cos 60°í + sin 60° j) + (/ 0 ]) + / 0 (cos 60°í + sin60° ]) + / 0 (cos 30°í + sin30° j) + (/ 0 í ) 
= (2 + V3/2)/ 0 í + (3/2 + V3)/ 0 j. 


Therefore, the magnitude of d B is 


\d B \ = / 0> /(2 + V3/2) 2 + (3/2 + V3) 2 = (2.0 cm)(4.3) = 8.6 cm . 


(d) The direction of d B is 


0 B = tan 1 


= tan 


3/2 + V3 
2 + V3/2 


= tan -1 (1.1 3) = 48° 


28. Many of the operations are done efficiently on most modern graphical calculators 
using their built-in vector manipulation and rectangular <-> polar "shortcuts." In this 
solution, we employ the "traditional" methods (such as Eq. 3-6). 

(a) The magnitude of a is a = ^(4.0 m) 2 +(-3.0 m) 2 =5.0 m. 

(b) The angle between ã and the +x axis is tan" 1 [(-3.0 m)/(4.0 m)] = -37°. The vector is 
37° clockwise from the axis defined by i . 

(c) The magnitude of b is b = ^(6.0 m) 2 + (8.0 m) 2 = 1 0 m. 

(d) The angle between b and the +x axis is tan -1 [(8.0 m)/(6.0 m)] = 53°. 

(e) a+b=(4.0 m+6.0 m) í + [( — 3.0 m) + 8.0 m]j =(10 m)í +(5.0 m)j. The magnitude 

of this vector is | ã + b |= y](10 m) 2 +(5.0 m) 2 = 1 1 m; we round to two significant 
figures in our results. 

(f) The angle between the vector described in part (e) and the +x axis is tan _1 [(5.0 m)/(10 
m)] = 27°. 

(g) b-ã = (6.0 m-4.0 m) í + [8.0 m-(-3.0 m)]] = (2.0 m) í + (ll m)j. The magnitude 

of this vector is \ b—a\= -^(2.0 m) 2 +(11 m) 2 = 1 1 m, which is, interestingly, the same 
result as in part (e) (exactly, not just to 2 significant figures) (this curious coincidence is 
made possible by the fact that a _L b ). 

(h) The angle between the vector described in part (g) and the +x axis is tan~'[(l 1 m)/(2.0 
m)] = 80°. 

(i) ã-b=(4.0 m-6.0 m) í + [(-3.0 m)-8.0 m] ] =(-2.0 m) í + (-l 1 m)].The magnitude 
of this vector is | a -b |= ^/(-2.0 m) 2 +(-11 m) 2 = 1 1 m . 

(j) The two possibilities presented by a simple calculation for the angle between the 
vector described in part (i) and the +x direction are tan -1 [(-1 1 m)/(-2.0 m)] = 80°, and 
180° + 80° = 260°. The latter possibility is the correct answer (see part (k) for a further 
observation related to this result). 

(k) Since a-b = (-Y)(b -ã) , they point in opposite (anti-parallel) directions; the angle 
between them is 180°. 


29. Solving the simultaneous equations yields the answers: 

(a) cf] = 4 dl = 8 í + 16 j , and 

(b) ct 2 = 4 = 2 í + 4 j. 


30. The vector equation is R = A + B + C + D . Expressing B and D in unit-vector 

notation, we have (1.69i + 3.63j) m and (-2.87Í + 4.10j) m , respectively. Where the 
length unit is not displayed in the solution below, the unit meter should be understood. 

(a) Adding corresponding components, we obtain R = (-3.18 m)i +(4.72 m)j. 

(b) Using Eq. 3-6, the magnitude is 

| R |= V(-3.18m) 2 +(4.72 m) 2 = 5.69 m. 

(c) The angle is 

( 4 72 m ^ 

0 = tan 1 — — | = -56.0° (with -x axis). 


-3.18 m 


If measured counterclockwise from +x-axis, the angle is then 180° -56.0° = 124°. Thus, 
converting the result to polar coordinates, we obtain 


(-3.18,4.72) -> (5.69 Z 124°) 


31. (a) As can be seen from Figure 3-32, the point diametrically opposite the origin (0,0,0) 
has position vector a i + a j + a k and this is the vector along the "body diagonal." 

(b) From the point {a, 0, 0) which corresponds to the position vector a i, the diametrically 
opposite point is (0, a, a) with the position vector a j + a k . Thus, the vector along the 

line is the difference -ai + a] + ak . 



(c) If the starting point is (0, a, 0) with the corresponding position vector a j , the 
diametrically opposite point is (a, 0, a) with the position vector ai + aí. Thus, the 
vector along the line is the difference ai — aj+aí. 

(d) If the starting point is (a, a, 0) with the corresponding position vector ai + a j , the 
diametrically opposite point is (0, 0, a) with the position vector a k . Thus, the vector 
along the line is the difference -ai- a] + ak . 

(e) Consider the vector from the back lower left corner to the front upper right corner. It 
is a i + a j + a k. We may think of it as the sum of the vector a i parallel to the x axis and 

the vector a] + ak perpendicular to the x axis. The tangent of the angle between the 
vector and the x axis is the perpendicular component divided by the parallel component. 

Since the magnitude of the perpendicular component is yja 2 + a 2 = a-Jl and the 

magnitude of the parallel component is a, tan# = [a^ll^l a = \Jl . Thus O = 54.7°. The 

angle between the vector and each of the other two adjacent sides (the y and z axes) is the 
same as is the angle between any of the other diagonal vectors and any of the cube sides 
adjacent to them. 


(f) The length of any of the diagonais is given by yja 2 +a 2 +a 2 = a^3. 


32. (a) With a = 17.0 m and 0= 56.0° we find a x = a cos 0= 9.51 m. 

(b) Similarly, a y = a sin 0= 14.1 m. 

(c) The angle relative to the new coordinate system is 0 ' = (56.0° - 18.0°) = 38.0°. Thus, 
a x ' = acos#' = 13.4 m. 

(d) Similarly, a ' = a sin 0 ' = 10.5 m. 


33. (a) The scalar (dot) product is (4.50)(7.30)cos(320° - 85.0°) = - 18.8 . 

A 

(b) The vector (cross) product is in the k direction (by the right-hand rule) with 
magnitude |(4.50)(7.30) sin(320° - 85.0°)| = 26.9 . 


34. First, we rewrite the given expression as 4( d p i am • d cmss ) where í/ p i an e = d\ + 
ct 2 and in the plane of d[ and dt 2 , and í^ roS s = d[ x ct 2 . Noting that J^ ross is 
perpendicular to the plane of d[ and cf 2 , we see that the answer must be 0 (the scalar 
[dot] product of perpendicular vectors is zero). 


35. We apply Eq. 3-30 and Eq.3-23. If a vector-capable calculator is used, this makes a 
good exercise for getting familiar with those features. Here we briefly sketch the method. 


(a) We note that bxc =-8.0Í + 5.0j + 6.0k. Thus, 

ã (b x c) = (3.0) (-8.0)+ (3.0)(5.0) + (-2.0) (6.0)= -21. 

(b) We note that b + c = 1.0Í - 2.0 j + 3. Ok. Thus, 

ã ■ (b + c) = (3 .0) ( 1 .0) + (3 .0) ( - 2.0) + ( - 2.0) (3 .0) = -9.0. 

(c) Finally, 

ãx(b +5) = [(3.0)(3.0)-(-2.0)(-2.0)]i + [(-2.0)(1.0)-(3.0)(3.0)]j 
+[(3.0)(-2.0)-(3.0)(1.0)]k 
= 5Í - li] - 9k 


36. We apply Eq. 3-30 and Eq. 3-23. 

(a) axb = (a x b y -a y b x ) k since ali other terms vanish, due to the fact that neither a nor 
b have any z components. Consequently, we obtain [(3.0)(4.0)-(5.0)(2.0)]k= 2. Ok . 

(b) a-b = a x b x + a v b v yields (3.0)(2.0) + (5.0)(4.0) = 26. 

(c) ã+b= (3.0 + 2.0)i + (5.0 + 4.0)] => (3 + b) -b = (5.0) (2.0) + (9.0) (4.0) = 46. 

(d) Several approaches are available. In this solution, we will construct a b unit-vector 
and "dot" it (take the scalar product of it) with a . In this case, we make the desired unit- 
vector by 

£ _ Â _ 2.0 í + 4.0 j 
\b\ ^/(2.0) 2 + (4.0) 2 ' 

We therefore obtain 


~_ (3.0)(2.0) + (5.0X4.0) 
a h = a ■ o = , — = j.o. 

V( 2 - 0 ) 2 + ( 4 -°) 2 


37. Examining the figure, we see that a + b + c = O, where a _L b . 

(a) | a x t | = (3.0)(4.0) = 12 since the angle between them is 90°. 

(b) Using the Right Hand Rule, the vector ãxb points in the ix j = k , or the +z direction. 

(c) | a x c | = | a x (- a - t )| = | - ( a x t )| = 12. 

(d) The vector -ãxb points in the -ix j = -k , or the - z direction. 

(e) | t x c | = | t x (- a - t )\ = |-(£xa)| = |(ax£)| = 12. 

(f) The vector points in the +z direction, as in part (a). 


38. The displacement vectors can be written as (in meters) 


d, =(4.50 m)(cos63°j + sin63°k) = (2.04 m)j + (4.01 m)k 
d 2 = (1 .40 m)(cos 30° í + sin 30° k) = (1 .2 1 m) í + (0.70 m) k . 

(a) The dot product of d l and d 2 is 

d x -d 2 =(2.04 ] + 4.01k)-(1.2lí + 0.70 k) = (4.01k)- (0.70 k) = 2.81 m 2 . 

(b) The cross product of d l and d 2 is 

d t xd 2 =(2.04 ] + 4.01k)x(1.2lí + 0.70 k) 

= (2.04)(1.21)(-k) + (2.04)(0.70)í + (4.01)(1.21)j 
= (1.43 í + 4.86j-2.48k)m 2 . 

(c) The magnitudes of d l and d 2 are 

d, = V(2.04 m) 2 + (4.01 m) 2 = 4.50 m 
d 2 =V(l-21m) 2 + (0.70 m) 2 =1.40 m. 

Thus, the angle between the two vectors is 

2.81 m 2 


6 = cos 



f 


- cos -1 

v d x d 2 j 

V 


(4.50m)(1.40m) 


63.5°. 


39. Since ab cos <p = a x b x + a y b y + a z b z , 

a x b x + a v b v + a z b z 

COS0 = — . 

ab 

The magnitudes of the vectors given in the problem are 

a =H=V( 3 - 00 ) 2 + (3.00) 2 + (3.00) 2 =5.20 


b =\b 1=^/(2. 00) 2 + (1.00) 2 + (3.00) 2 =3.74. 

The angle between them is found from 

(3.00)(2.00) + (3.00)(1.00) + (3.00)(3.00) n 

cosç = = 0. 

(5.20) (3.74) 

The angle is 0= 22°. 


40. Using the fact that 

íx] = k, jxk = í, kxi = ] 

we obtain 

2A x B = 2 (2.00Í+3.00j-4.00k)x(-3.00Í+4.00j+2.00k) = 44.0i + 16.0j + 34.0k. 
Next, making use of 

ii = jj = kk = 1 
i-j = j-k = k-í = 0 

we have 

3C-(2Íx5) = 3(7.00Í-8.00j)-(44.0Í + 16.0j +34. Ok) 

= 3 [ (7 . 0 0) (4 4 . 0)+(-8 . 0 0) (1 6 . 0) + (0) (3 4 . 0)] = 5 4 0 . 


4 1 . From the definition of the dot product between A and B , A- B = AB cos 8 ,we have 

COS0 = 

AB 

With .4 = 6.00, 5 = 7.00and Ã B = \4.0, cos0 = 0.333 , or 0 = 70.5°. 


42. Applying Eq. 3-23, F = qv x B (where q is a scalar) becomes 


F x i + F y )+F z k = q (v y B z - v 2 B y ) i + q ( v z B x - v x B z )} + q (v x B y - v y B x ) k 

which — plugging in values — leads to three equalities: 

4.0 = 2(4.05 z - 6.0B y ) 
-20 = 2(6.05 x - 2.0B z ) 
12 = 2(2.05 v - 4.05,) 

Since we are told that B x = B y , the third equation leads to B y = -3.0. Inserting this value 
into the first equation, we find B z = -4.0. Thus, our answer is 


5 = -3.0Í-3.0j-4.0k. 


43. From the figure, we note that c Lb , which implies that the angle between c and the 
+x axis is 120°. Direct application of Eq. 3-5 yields the answers for this and the next few 
parts. 

(a) a x = a cos 0 o = a = 3.00 m. 

(b) a y = a sin 0 o = 0. 

(c) b x = b cos 30° = (4.00 m) cos 30° = 3.46 m. 

(d) b y = b sin 30° = (4.00 m) sin 30° = 2.00 m. 

(e) c x = c cos 120° = (10.0 m) cos 120° = -5.00 m. 

(f) c y = c sin 30° = (10.0 m) sin 120° = 8.66 m. 

(g) In terms of components (firstx and then y), we must have 

-5.00 m = ^(3.00 m) + #(3.46 m) 
8.66 m = p(0) + q (2.00 m). 

Solving these equations, we find p = -6.67. 

(h) Similarly, q = 4.33 (note that it's easiest to solve for q first). The numbers p and q 
have no units. 


44. The two vectors are written as, in unit of meters, 

d x =4.0l+5.0] = d lx i + d ly ], d 2 = -3.ol+4.o] = d 2x i + d 2y ] 

(a) The vector (cross) product gives 

J 1 xJ 2 =(J lx J 2; ,-J 1> , í / 2x )k = [(4.0)(4.0)-(5.0)(-3.0)]k=31 k 

(b) The scalar (dot) product gives 

d r d 2 = d lx d 2x + d ly d 2y = (4. 0)(-3 . 0) + (5 . 0)(4 . 0) = 8 . 0. 

(c) 

(d x +d 2 )-d 2 = d x -d 2 +d 2 2 = 8.0 + (-3.0) 2 + (4.0) 2 =33. 

(d) Note that the magnitude of the d x vector is \j 16+25 = 6.4. Now, the dot product is 
(6.4)(5.0)cos#= 8. Dividing both sides by 32 and taking the inverse cosine yields 6 = 
75.5°. Therefore the component of the d\ vector along the direction of the d 2 vector is 
6.4cos6>« 1.6. 


45. Although we think of this as a three-dimensional movement, it is rendered effectively 
two-dimensional by referring measurements to its well-defined plane of the fault. 

(a) The magnitude of the net displacement is 

\AB\=sl\ AD\ 2 +\AC\ 2 = 7(1 7.0 m) 2 + (22.0 m) 2 =27.8m. 

-> 

(b) The magnitude of the vertical component of AB is \AD\ sin 52.0° = 13.4 m. 


46. Where the length unit is not displayed, the unit meter is understood. 

(a) We first note that a=\ã\=^(3.2) 2 +(\.6) 2 =3.58 and b=\b\= ^(0.50) 2 + (4.5) 2 = 4.53 
Now, 

ã ■ b = a x b x + a y b y = ab cos (j) 
(3.2)(0.50)+(1.6)(4.5)= (3.58)(4.53) cos <f> 


which leads to <p = 57° (the inverse cosine is double-valued as is the inverse tangent, but 
we know this is the right solution since both vectors are in the same quadrant). 

(b) Since the angle (measured from +x) for a is tan _1 (1.6/3.2) = 26.6°, we know the 
angle for c is 26.6° -90° = -63.4° (the other possibility, 26.6° + 90° would lead to a c x < 
0). Therefore, 

c x = c cos (-63.4° )= (5.0)(0.45) = 2.2 m. 

(c) Also, c y = c sin (-63.4°) = (5.0)( -0.89) = - 4.5 m. 

(d) And we know the angle for d to be 26.6° + 90° = 1 16.6°, which leads to 

d x = d cos(l 16.6°) = (5.0)( -0.45) = -2.2 m. 

(e) Finally, d y = d sin 1 16.6° = (5.0)(0.89) = 4.5 m. 


47. We apply Eq. 3-20 and Eq. 3-27. 

(a) The scalar (dot) product of the two vectors is 

ãb = ab cos 0 = (10) (6.0) cos 60° = 30. 

(b) The magnitude of the vector (cross) product of the two vectors is 

| ãxb | = ab sin <p = (10) (6.0) sin 60° = 52. 


48. The vectors are shown on the diagram. The x axis runs from west to east and the y 
axis runs from south to north. Then a x = 5.0 m, a y = 0, b x = -(4.0 m) sin 35° = -2.29 m, 
and b y = (4.0 m) cos 35° = 3.28 m. 

N 


a+b / 

\35°! 

/ >0.4° 



E 


(a) Let c = ã + b . Then c x = a x +b x = 5.00 m -2.29 m = 2.71 m and 
c = a + b = 0 + 3.28 m = 3.28 m . The magnitude of c is 

c = ^cl + c 2 y =^/(2.71m) 2 + (3.28mf =4.2 m. 

(b) The angle #that c = a + b makes with the +x axis is 


6 = tan 


= tan 


^ 3.28 A 
2.71 


= 50 c 


The second possibility (0= 50.4° + 180° = 230.4°) is rejected because it would point in a 
direction opposite to c . 

(c) The vector b - a is found by adding -a to b. The result is shown on the diagram to 
the right. Let c = b - a. The components are c x = b x -a x = -2.29 m-5.00 m = -7.29 m, 


andc ; , =b y -a y = 3.28 m.The magnitude of c is c = Jc 2 x + c 2 y = 8.0 m. 

N 



(d) The tangent of the angle #that c makes with the +x axis (east) is 

c„ 3.28 m 


tan 9 = ^ 

c. 


-7.29 m 


-4.50. 


There are two solutions: -24.2° and 155.8°. As the diagram shows, the second solution is 
correct. The vector c = -a + b is 24° north of west. 


49. We choose +x east and +y north and measure ali angles in the "standard" way 
(positive ones are counterclockwise from +x). Thus, vector d l has magnitude d\ = 4.00 m 

(with the unit meter) and direction 9\ = 225°. Also, d 2 has magnitude di = 5.00 m and 

direction &i = 0°, and vector d 3 has magnitude d 3 = 6.00 m and direction é% = 60°. 

(a) The x-component of d l is d\ x = d\ cos d\ = -2.83 m. 

(b) The j-component of d x is d\ y = d\ sin d\ = -2.83 m. 

(c) The x-component of d 2 is dix = di cos ^ = 5.00 m. 

(d) The j-component of d 2 is di y = d 2 sin &i = 0. 

(e) The x-component of J 3 is d^ x = d?, cos = 3.00 m. 

(f) The j-component of J 3 is d-i y = dj sin é% = 5.20 m. 

(g) The sum of x-components is 

d x = d lx + d 2x + d 3x = -2.83 m + 5.00 m + 3.00 m = 5.17 m. 

(h) The sum of j-components is 

d y = d\ y + di y + d 3y = -2.83 m + 0 + 5.20 m = 2.37 m. 

(i) The magnitude of the resultant displacement is 

d = ^d 2 x +d 2 y =^(5.\l m) 2 + (2.37m) 2 =5.69 m. 

(j) And its angle is 6= tan -1 (2.37/5.17) = 24.6° which (recalling our coordinate choices) 
means it points at about 25° north of east. 

(k) and (1) This new displacement (the direct line home) when vectorially added to the 
previous (net) displacement must give zero. Thus, the new displacement is the negative, 
or opposite, of the previous (net) displacement. That is, it has the same magnitude (5.69 
m) but points in the opposite direction (25° south of west). 


50. From the figure, it is clear that a + b + c = 0, where a _L b 


(a) a ■ b = 0 since the angle between them is 90°. 

> 2 

(b) a ■ c = a ■ (- a - b ) = — | a | = - 16 . 


(c) Similarly, b ■ c = - 9.0 


51. Let A represent the first part of his actual voyage (50.0 km east) and C represent 

-> -> 

the intended voyage (90.0 km north). We are looking for a vector B such that A + B 

-» 

= C. 

(a) The Pythagorean theorem yields B = ^(50.0 km) 2 + (90.0 km) 2 = 1 03 km. 

(b) The direction is tan _1 (50.0 km/90.0 km) = 29. I o west of north (which is 
equivalent to 60.9° north of due west). 


52. If we wish to use Eq. 3-5 directly, we should note that the angles for Q,R and S are 
100°, 250° and 310°, respectively, if they are measured counterclockwise from the +x 
axis. 

(a) Using unit-vector notation, with the unit meter understood, we have 

P = 10.0 cos(25.0°)í + 10.0sin(25.0°)j 
g = 12.0cos(100°)í + 12.0sin(100°)j 
^ = 8.00 cos (250°) í + 8.00 sin (250°) j 
S = 9.00 cos (3 10°) í + 9.00 sin (310°)] 
P + Q + R + S = (10.0 m)í + (1.63 m)j 

(b) The magnitude of the vector sum is ^/(ÍO.O m) 2 + (1.63 m) 2 = 10.2 m . 

(c) The angle is tan -1 (1.63 m/10.0 m) ~ 9.24° measured counterclockwise from the +x 
axis. 


53. Noting that the given 130° is measured counterclockwise from the +x axis, the two 
vectors can be written as 


^ = 8.00(cosl30°i + sinl30°j) = -5.14i + 6.13j 
B = B x l + B y ) = -7.72 1 - 9.20 j. 

(a) The angle between the negative direction of the y axis ( -j ) and the direction of A is 


O- cos 


M- 3) 

A 


= cos 


-6.13 


V(-5.14) 2 + (6.13) 2 


= cos 


-6.13 
8.00 


= 140°. 


Alternatively, one may say that the —y direction corresponds to an angle of 270°, and the 
answer is simply given by 270°-130° = 140°. 

(b) Since the y axis is in the xy plane, and AxB is perpendicular to that plane, then the 
answer is 90.0°. 

(c) The vector can be simplified as 

ix(5 + 3.00k) = (-5.14Í + 6.13j)x(-7.72Í-9.20j + 3.00k) 
= 18.39Í + 15.42j + 94.61k 

Its magnitude is | ^x(5 + 3.00k) |= 97.6. The angle between the negative direction of the 
y axis ( -j ) and the direction of the above vector is 


6 = cos 


-15.42 
97.6 


= 99.1°. 


54. The three vectors are 


d x =4.0i + 5.0j-6.0k 
d 2 =-1.0Í + 2.0j+3.0k 
d 3 =4.0Í + 3.0j+2.0k 

(a) r = d l -d 2 + d 3 = (p.O m)í + (6.0 m)] + (-7.0 m)k. 


(b) The magnitude of r is |r 1=^(9.0 m) 2 +(6.0 m) 2 +(-7.0 m) 2 = 12.9 m . The 
angle between r and the z-axis is given by 


r-k -7.0 m 

cos 6* = = = -0.543 

\r\ 12.9 m 

which implies # = 123°. 

(c) The component of d x along the direction of c/ 2 is given by =d x ú=í/jCOS^ where 

is the angle between d x and d 2 , and ú is the unit vector in the direction of d 2 . Using 
the properties of the scalar (dot) product, we have 


J r J 2 _ (4.0)(-1.0) + (5.0)(2.0) + (-6.0)(3.0) _ -12 
d 2 V(- 1 - O) 2 + (2 . 0) 2 + (3 . 0) 2 VÍ4 


= -3.2 m. 


(d) Now we are looking for J ± such that d\ = (4. 0) 2 +(5 .0) 2 +(-6. 0) 2 = 77 = d\ +d[ 
From (c), we have 


d L = ^ll m 2 -(-3.2 m) 2 =8.2 


m. 


This gives the magnitude of the perpendicular component (and is consistent with what 
one would get using Eq. 3-27), but if more information (such as the direction, or a full 
specification in terms of unit vectors) is sought then more computation is needed. 


55. The two vectors are given by 

i = 8.00(cosl30°í + sinl30°j) = -5.14Í + 6.13j 
B = B x l + B y ) = -7.72 i - 9.20 j. 

(a) The dot product of 5 A ■ B is 

5 A ■ B = 5(-5. 14 í + 6. 1 3 j) • (-7.72 í - 9.20 j) = 5 [(-5. 14)(-7.72) + (6.1 3)(-9.20)] 
= -83.4. 

(b) In unit vector notation 

4Íx3 J g = 12Íx J g = 12(-5.14Í + 6.13j)x(-7.72Í-9.20j) = 12(94.6k) = 1.14xl0 3 k 

(c) We note that the azimuthal angle is undefined for a vector along the z axis. Thus, our 
result is "1.14xl0 3 , #not defined, and ^=0°." 

-> — — 

(d) Since A is in the xy plane, and AxB is perpendicular to that plane, then the answer is 

90°. 

(e) Clearly, A + 3.00 k = -5.14 í + 6.13 j + 3.00 i 

(f) The Pythagorean theorem yields magnitude ^ = ^/(5.14) 2 +(6.13) 2 + (3.00) 2 =8.54. 

The azimuthal angle is 9= 130°, just as it was in the problem statement ( A is the 
projection onto to the xy plane of the new vector created in part (e)). The angle measured 
from the +z axis is (/)= cos"'(3.00/8.54) = 69.4°. 


56. The two vectors d x and d 2 are given by d x = -d x j and d 2 = d 2 i. 

(a) The vector d 2 /4 = (d 2 /4)i points in the +x direction. The Va factor does not affect the 
result. 

(b) The vector d x /(-4) = (d x / 4)j points in the +y direction. The minus sign (with the "-4") 
does affect the direction: -(-y) = +y. 

(c) d x -d 2 =0 since i ■ j = 0. The two vectors are perpendicular to each other. 

(d) d x ■ (d 2 IA) = (í/j • d 2 )/4 = 0 , as in part (c). 

(e) d x xd 2 = -d x d 2 {}X\) = d x d 2 k , in the +z-direction. 

(f) d 2 xd x = -d 2 d x (i x j) = -d x d 2 k , in the -z-direction. 

(g) The magnitude of the vector in (e) is d x d 2 . 

(h) The magnitude of the vector in (f) is d x d 2 . 

(i) Since d x x (d 2 1 4) = (d x d 2 1 4)k , the magnitude is d x d 2 1 4. 

(j) The direction of d x x(d 2 /4) = (d x d 2 1 4)k is in the +z-direction. 


57. The three vectors are 


d x = -3.0Í + 3.0j + 2.0k 
d 2 = -2.0Í-4.0j + 2.0k 
d 3 =2.0Í + 3.0j + 1.0k. 

(a) Since d 2 +d 3 = Oi-1.0 j + 3.0k , we have 

J 1 -(J 2 +J 3 ) = (-3.0Í + 3.0j + 2.0k)(0Í-1.0j + 3.0k) 
= 0-3.0 + 6.0 = 3.0 m 2 . 

(b) UsingEq. 3-30, we obtain d 2 x d 3 = -10i + 6.0j + 2.0k. Thus, 

rf 1 -(rf 2 xrf 3 ) = (-3.0Í + 3.0j + 2.0k)-(-10i + 6.0j + 2.0k) 
= 30 + 18 + 4.0 = 52 m 3 . 

(c) We found ct 2 + ct 3 in part (a). Use of Eq. 3-30 then leads to 

í/ 1 x(í/ 2 +J 3 ) = (-3.0Í + 3.0j + 2.0k)x(0Í-1.0j + 3.0k) 
= (llí + 9.0j + 3.0k)m 2 


58. We choose +x east and +y north and measure ali angles in the "standard" way 
(positive ones counterclockwise from +x, negative ones clockwise). Thus, vector d l has 
magnitude d\ = 3.66 (with the unit meter and three significant figures assumed) and 
direction d\ = 90°. Also, d 2 has magnitude di = 1.83 and direction &i = -45°, and vector 

d 3 has magnitude di = 0.91 and direction é% = -135°. We add the x and y components, 
respectively: 

x : d l cos 6 X + d 2 cos 0 2 + d 3 cos # 3 = 0.65 m 
y : í/j sin 6 X + d 2 sin 6 2 + d 3 sin 0 3 = 1 .7 m. 

(a) The magnitude of the direct displacement (the vector sum d x + d 2 + d 3 ) is 
^(0.65 m) 2 +(1.7m) 2 =1.8 m. 

(b) The angle (understood in the sense described above) is tan -1 (1.7/0.65) = 69°. That is, 
the first putt must aim in the direction 69° north of east. 


59. The vectors can be written as a = ai and b = b) where a, b>0. 


(a) We are asked to consider 


b_ 
d 



in the case d > 0. Since the coefficient of j is positive, then the vector points in the +y 
direction. 

(b) If, however, d < 0, then the coefficient is negative and the vector points in the -y 
direction. 

(c) Since cos 90° = 0, then ã ■ b - 0 , using Eq. 3-20. 

(d) Since b I d is along the y axis, then (by the same reasoning as in the previous part) 
ã(b/d) = 0. 

(e) By the right-hand rule, a x b points in the +z-direction. 

(f) By the same rule, b x a points in the -z-direction. We note that bxã = -axb is 
true in this case and quite generally. 

(g) Since sin 90° = 1, Eq. 3-27 gives | a xb \= ab where a is the magnitude of a . 

(h) Also, | a x b | = | b x a \ = ab . 

(i) With d > 0, we find that ãx(b I d) has magnitude abld. 
(j) The vector ax{b I d) points in the +z direction. 


60. The vector can be written as d = (2.5 m)j , where we have taken jto be the unit 
vector pointing north. 

(a) The magnitude of the vector a = 4.0 d is (4.0)(2.5 m) = 10 m. 

(b) The direction of the vector a = 4.0d is the same as the direction of d (north). 

(c) The magnitude of the vector c = -3.0d is (3.0)(2.5 m) = 7.5 m. 

(d) The direction of the vector c = - 3.0J is the opposite of the direction of d . Thus, the 
direction of c is south. 


61. We note that the set of choices for unit vector directions has correct orientation (for a 
right-handed coordinate system). Students sometimes confuse "north" with "up", so it 
might be necessary to emphasize that these are being treated as the mutually 
perpendicular directions of our real world, not just some "on the paper" or "on the 
blackboard" representation of it. Once the terminology is clear, these questions are basic 
to the definitions of the scalar (dot) and vector (cross) products. 

(a) ik=0 since i _Lk 

(b) (-k) (-j)=0 since klj. 

(c) j.(-j)=-l. 

(d) kxj=-i (west). 

(e) (-i)x(-j)= + k (upward). 


(f) (-k)x(-j)=-i (west). 


62. (a) The vectors should be parallel to achieve a resultant 7 m long (the unprimed case 
shown below), 

(b) anti-parallel (in opposite directions) to achieve a resultant 1 m long (primed case 
shown), 

(c) and perpendicular to achieve a resultant y/3 2 +4 2 = 5 m long (the double-primed case 
shown). 

In each sketch, the vectors are shown in a "head-to-tail" sketch but the resultant is not 
shown. The resultant would be a straight line drawn from beginning to end; the beginning 
is indicated by A (with or without primes, as the case may be) and the end is indicated by 
B. 

A° >° > D 


63. A sketch of the displacements is shown. The resultant (not shown) would be a 
straight line from start (Bank) to finish (Walpole). With a careful drawing, one should 
fínd that the resultant vector has length 29.5 km at 35° west of south. 



South 


64. The point P is displaced vertically by 2R, where R is the radius of the wheel. It is 
displaced horizontally by half the circumference of the wheel, or uR. Since R = 0.450 m, 
the horizontal component of the displacement is 1.414 m and the vertical component of 
the displacement is 0.900 m. If the x axis is horizontal and the y axis is vertical, the 

vector displacement (in meters) is r - ^1 .414 i + 0.900 jj. The displacement has a 
magnitude of 


\ = ^j(nR) 2 + (2R) 2 = R^n 2 +4 =1.68m 


and an angle of 


tan 


Í2R'^ 




= tan 1 


[xRj 




= 32.5 C 


above the floor. In physics there are no "exact" measurements, yet that angle computation 
seemed to yield something exact. However, there has to be some uncertainty in the 
observation that the wheel rolled half of a revolution, which introduces some 
indefiniteness in our result. 


65. Reference to Figure 3-18 (and the accompanying material in that section) is helpful. 
If we convert B to the magnitude-angle notation (as A already is) we have 
B = (14.4 Z 33.7°) (appropriate notation especially if we are using a vector capable 

calculator in polar mode). Where the length unit is not displayed in the solution, the unit 
meter should be understood. In the magnitude-angle notation, rotating the axis by +20° 
amounts to subtracting that angle from the angles previously specified. Thus, 

A = (12.0 Z 40.0°)' and B = (14.4 Z 13.7°)' , where the 'prime' notation indicates that 

the description is in terms of the new coordinates. Converting these results to (x, y) 
representations, we obtain 

(a)2 = (9.19m)í' + (7.71m) ]'. 


(b) Similarly, B = (14.0 m) í' + (3.41 m) j' . 


66. The diagram shows the displacement vectors for the two segments of her walk, 
labeled A and B , and the total ("final") displacement vector, labeled r . We take east to 
be the +x direction and north to be the +y direction. We observe that the angle between 
A and the x axis is 60°. Where the units are not explicitly shown, the distances are 
understood to be in meters. Thus, the components of A are A x = 250 cos60° = 125 and A y 


= 250 sin60° = 216.5. The components of B are B x 
the total displacement are 


175 and B y = 0. The components of 


r x = A x + B x 
r y = A y + B y : 


125 + 175 = 300 
216.5 + 0 = 216.5. 


North 



East 


(a) The magnitude of the resultant displacement is 


\r\ = ^+r* =7(300 m) 2 +(216.5 m) 2 =370m. 


(b) The angle the resultant displacement makes with the +x axis is 


tan~ 


V 

\ r x J 


- tan~ 


216.5 m 
300 m 


= 36 c 


The direction is 36° north of due east. 


(c) The total distance walked is d = 250 m + 175 m = 425 m. 


(d) The total distance walked is greater than the magnitude of the resultant displacement. 
The diagram shows why: A and B are not collinear. 


67. The three vectors given are 

a= 5.0 í + 4.0 j-6.0 k 
è = -2.0 í + 2.0 j + 3.0 k 
c= 4.0 í + 3.0 j + 2.0 k 

(a) The vector equation r = a - b + c is 

r =[5.0-(-2.0) + 4.0]í + (4.0-2.0 + 3.0)j + (-6.0-3.0 + 2.0)k 
= llí+5.0j-7.0k. 

(b) We find the angle from +z by "dotting" (taking the scalar product) r with k. Noting 
that r = \r\= j(U.O) 2 +(5.0) 2 +(-7.0) 2 = 14, Eq. 3-20 with Eq. 3-23 leads to 

r-k = -7.0 = (l4)(l)cos^ 0 = 120°. 

(c) To find the component of a vector in a certain direction, it is efficient to "dot" it (take 
the scalar product of it) with a unit-vector in that direction. In this case, we make the 
desired unit-vector by 

-2.0Í+2.0j+3.0k 


\b\ ^/(-2.0) 2 + (2.0) 2 + (3.0) 2 


We therefore obtain 


a ã .S= (5-0)(-2-0) + (4.0)(2.0) + (-6.0)(3.0) = ^ 


yj{-2.0) 2 + (2.0) 2 +(3.0) 2 


(d) One approach (if ali we require is the magnitude) is to use the vector cross product, as 
the problem suggests; another (which supplies more information) is to subtract the result 

in part (c) (multiplied by b ) from a . We briefly illustrate both methods. We note that if 
a cos 6 (where 0 is the angle between a and b ) gives ãb (the component along b ) then 
we expect a sin #to yield the orthogonal component: 


a sin O = 


ãxb 
~b~ 


= 7.3 


(alternatively, one might compute #form part (c) and proceed more directly). The second 
method proceeds as follows: 

ã-a h b = (5.0 - 2.35)i + (4.0 - (-2.35))] + ((-6.0) - (-3.53))k 
= 2.65Í + 6.35j - 2.47k 

This describes the perpendicular part of a completely. To find the magnitude of this part, 
we compute 

^/(2.65) 2 + (6.35) 2 + (-2.47) 2 = 7.3 
which agrees with the first method. 


68. The two vectors can be found be solving the simultaneous equations. 

(a) If we add the equations, we obtain 2ã = 6c , which leads to a = 3c = 9 i + 12 j . 

(b) Plugging this result back in, we find è=c = 3i + 4j. 


69. (a) This is one example of an answer: (-40 í — 20 j + 25 íc) m, with í directed anti- 
parallel to the first path, j directed anti-parallel to the second path and Ê directed upward 
(in order to have a right-handed coordinate system). Other examples are (40 i + 20 j + 25 
íc ) m and (40 í - 20 j - 25 íc ) m (with slightly different interpretations for the unit 
vectors). Note that the product of the components is positive in each example. 


(b) Using Pythagorean theorem, we have ^/(40 m) 2 + (20 m) 2 = 44.7 m ~ 45 m. 


70. The vector d (measured in meters) can be represented as d = (3.0 m)(-j) , where -j 
is the unit vector pointing south. Therefore, 

5.0d = 5.0(-3.0 m j) = (-15 m) ]. 

(a) The positive scalar factor (5.0) affects the magnitude but not the direction. The 
magnitude of 5.0d is 15 m. 

(b) The new direction of 5d is the same as the old: south. 
The vector -2.0d can be written as -2.0d = (6.0 m) j. 

(c) The absolute value of the scalar factor (|-2.0| = 2.0) affects the magnitude. The new 
magnitude is 6.0 m. 

(d) The minus sign carried by this scalar factor reverses the direction, so the new 
direction is + j , or north. 


71. Given: A + B = 6.0 i +1.0 j and ,4 - 5 = - 4.0 i + 7.0 j . Solving these 
simultaneously leads to A =1.0 í + 4.0 j. The Pythagorean theorem then leads to 
^ = V(1.0) 2 +(4.0) 2 =4.1. 


72. The anfs trip consists of three displacements: 

d x =(0.40 m)(cos225 o í + sin225°j) = (-0.28 m)i + (-0.28 m)j 
d 2 =(0.50 m)í 

d, =(0.60 m)(cos60 o í + sin60°j) = (0.30 m)í + (0.52 m)j, 

where the angle is measured with respect to the positive x axis. We have taken the 
positive x and y directions to correspond to east and north, respectively. 

(a) The x component of d l is d lx = (0.40 m)cos 225° = -0.28 m. 

(b) The y component of d l is d Xy = (0.40 m)sin225° = -0.28 m . 

(c) The x component of d 2 is d 2x = 0.50 m . 

(d) The y component of d 2 is d 2y = 0 m . 

(e) The x component of d 3 is d 3x = (0.60 m) cos 60° = 0.30 m . 

(f) The y component of d 3 is d 3y = (0.60 m)sin60° = 0.52 m . 

(g) The x component of the net displacement d net is 

d n et,x = d U + d 2x + d 3x = (" 0 - 28 m ) + ( 0 - 50 m ) + ( 0 - 30 m ) = 0 - 52 m - 

(h) The y component of the net displacement d net is 

d net,y = d Xy + d 2y + d 3y = (" 0 - 28 m ) + (0 m) + (0.52 m) = 0.24 m. 

(i) The magnitude of the net displacement is 


d „et = yl d L,,+ d Í, y = V(0.52 m) 2 + (0.24 m) 2 = 0.57 m. 
(j) The direction of the net displacement is 


e = tan 1 


(d ' 

u net,y 


( 0.24 m^ 

= tan 1 


v d net ,x J 


v 0.52mJ 


25° (north of east) 


If the ant has to return directly to the starting point, the displacement would be -d n 
(k) The distance the ant has to travei is | -d net |= 0.57 m. 

(1) The direction the ant has to travei is 25° (south of west) . 


1 . The initial position vector r 0 satisfies r - r Q = Ar , which results in 
f Q = r- Ar =(3.0j - 4.0k)m- (2.0Í- 3.0j + 6.0k)m= (-2.0 m)i + (6.0 m) j +(-10 m)k . 


2. (a) The position vector, according to Eq. 4-1, is r = (-5.0 m) i + (8.0 m)j . 


(b) The magnitude is \r \= yjx 2 + y 2 + z 2 = ^(-5.0 m) 2 +(8.0 m) 2 +(0 m) 2 = 9.4 


m. 


(c) Many calculators have polar <-> rectangular conversion capabilities which make this 
computation more efficient than what is shown below. Noting that the vector lies in the 
xy plane and using Eq. 3-6, we obtain: 


6 = tan 


8.0 m 
-5.0 m 


= -58° or 122 c 


where the latter possibility (122° measured counterclockwise from the +x 
direction) is chosen since the signs of the components imply the vector is 
in the second quadrant. 

(d) The sketch is shown on the right. The vector is 122° counterclockwise 
from the +x direction. 

(e) The displacement is Ar = r' - f where r is given in part (a) and 
r = (3 .0 m)í. Therefore, Ar = (8.0 m)í - (8.0 m)j . 


(-5, 8) 



0=122° 


(f) The magnitude of the displacement is | Ar |= ^(S.O m) 2 + (-8.0 m) 2 = 1 1 m. 


(g) The angle for the displacement, using Eq. 3-6, is 

f 8.0 m ^ 


tan 


-8.0 m 


-45° or 135° 


(-5, 8) 


where we choose the former possibility (-45°, or 45° measured clockwise 
from +x) since the signs of the components imply the vector is in the 
fourth quadrant. A sketch of Ar is shown on the right. 


i(3, 0) 


3. (a) The magnitude of r is 

| r |= ^(5.0 m) 2 + ( - 3.0 m) 2 + (2.0 m) 2 = 6.2 m. 

(b) A sketch is shown. The coordinate values are in 
meters. 



4. We choose a coordinate system with origin at the 
clock center and +x rightward (towards the "3:00" 
position) and +y upward (towards "12:00"). 


(a) In unit-vector notation, we have rj = (10 cm)i and r 2 = (-10 cm)j.Thus, Eq. 4-2 gives 


Ar = r 2 —r x =(-10 cm)i +(-10 cm)j. 


and the magnitude is given by | Ar |= ^/(-10 cm) 2 + (-10 cm) 2 =14 cm. 


(b) Using Eq. 3-6, the angle is 

# = tan 1 


f-10 cm^ 


10 cm 


= 45° or -135' 


We choose -135° since the desired angle is in the third quadrant. In terms of the 
magnitude-angle notation, one may write 

Ar = r 2 - rj =(-10 cm)i +(-10 cm)j (14cmZ - 135°). 

(c) In this case, we have rj = (-10 cm)j and r 2 = (10 cm)j, and Ar = (20 cm)j. Thus, 
I Ar 1= 20 cm. 


(d) Using Eq. 3-6, the angle is given by 


6> = tan 


r 20cm A 
y 0 cm j 


= 90 c 


(e) In a full-hour sweep, the hand returns to its starting position, and the displacement is 
zero. 

(f) The corresponding angle for a full-hour sweep is also zero. 


5. Using Eq. 4-3 and Eq. 4-8, we have 

(-2.0Í + 8.0j-2.0k)m-(5.0Í-6.0j + 2.0k)m , n « , « n A » , 
v avB = — = (-0.70i + 1 .40] - 0.40k) m/s. 


6. To emphasize the fact that the velocity is a function of time, we adopt the notation v(t) 
for dxl dt. 

(a)Eq. 4-101eads to 


v(0 = — (3.00ri -4.00í 2 j +2.00k) = (3.00m/s)i -(8.00í m/s)j 


(b) Evaluating this result at t = 2.00 s produces v = (3.00i - 16. Oj) m/s. 


(c) The speed at t = 2.00 s is v =|v 1=^/(3.00 m/s) 2 +(-16.0 m/s) 2 =16.3 m/s. 


(d) The angle of v at that moment is 


tan 


^-16.0 m/s A 
3.00 m/s 


= -79.4° or 101° 


where we choose the first possibility (79.4° measured clockwise from the +x direction, or 
281° counterclockwise from +x) since the signs of the components imply the vector is in 
the fourth quadrant. 


7. The average velocity is given by Eq. 4-8. The total displacement Ar is the sum of 
three displacements, each result of a (constant) velocity during a given time. We use a 
coordinate system with +x East and +y North. 

(a) In unit-vector notation, the first displacement is given by 


ArJ = 


60.0 


km 


40.0 min 
60 min/h 


i = (40.0 km)i. 


The second displacement has a magnitude of (60.0 ^)-(|^?^-) =20.0 km, and its 
direction is 40° north of east. Therefore, 

Ar 2 =(20.0 km) cos(40.0°)i +(20.0 km) sin(40.0°) j = (15.3 km)i +(12.9 km) j. 

And the third displacement is 


Ar 3 =- 


' n km^ f 50.0 min A 

60.0 

v h ) \ 60 min/h 


i = (-50.0km)i. 


The total displacement is 

Ar = ArJ +AF 2 +AF 3 = (40.0 km)í + (15.3 km)í + (12.9 km) j -(50.0 km)í 
= (5.30km)í+(12.9km)j. 

The time for the trip is (40.0 + 20.0 + 50.0) min =110 min, which is equivalent to 1.83 h. 
Eq. 4-8 then yields 


v = 

avg 


5.30 km 
1.83 h 


í + 


12.9 km 
1.83 h 


j = (2.90 km/h)i + (7.01 km/h) j. 


The magnitude is 


v avg |= V(2.90 km/h) 2 +(7.01 km/h) 2 = 7.59 km/h. 


(b) The angle is given by 


0 = tan 


7.01 km/h 
2.90 km/h 


= 67.5° (north of east), 


or 22.5° east of due north. 


8. Our coordinate system has i pointed east and j pointed north. The first displacement 
is r AB = (483 km)i and the second is r BC = (-966 km)j. 

(a) The net displacement is 

^ = ^+^ = (483 km)i-(966 km)j 

whichyields \ r AC | = ^/(483 km) 2 + (-966 km) 2 =1.08xl0 3 km. 

(b) The angle is given by 


6 = tan 1 


^-966 km A 
483 km 


= -63.4 c 


We observe that the angle can be alternatively expressed as 63.4° south of east, or 26.6° 
east of south. 

(c) Dividing the magnitude of r AC by the total time (2.25 h) gives 

= (483 km)i- ( 966 km)j km/h) í_ (429 km/h)j. 

avg h JJ 


with a magnitude | v avg |= 7(215 km/h) 2 +(-429 km/h) 2 =480 km/h. 

(d) The direction of v avg is 26.6° east of south, same as in part (b). In magnitude-angle 
notation, we would have v avg = (480 km/hZ -63.4°). 

(e) Assuming the AB trip was a straight one, and similarly for the BC trip, then \r AB \ is the 
distance traveled during the AB trip, and \r BC \ is the distance traveled during the BC trip. 
Since the average speed is the total distance divided by the total time, it equals 

483 km + 966 km rAA , „ 

= 644 km/h. 

2.25 h 


9. The (x,y) coordinates (in meters) of the points are A = (15, -15), B = (30, -45), C = (20, 
-15), and D = (45, 45). The respective times are t Ã = 0, t B = 300 s, t c = 600 s, and t D = 

900 s. Average velocity is defined by Eq. 4-8. Each displacement Ar is understood to 
originate at points. 

(a) The average velocity having the least magnitude (5.0 m/600 s) is for the displacement 
ending at point C: | v avg \ = 0.0083 m/s. 

(b) The direction of v avg is 0 o (measured counterclockwise from the +x axis). 


(c) The average velocity having the greatest magnitude {^{\5 m) 2 + (30 m) 2 /300s) is 
for the displacement ending at point B: | v avg |= 0 . 1 1 m/s . 

(d) The direction of v avg is 297° (counterclockwise from +x) or -63° (which is 
equivalent to measuring 63° clockwise from the +x axis). 


1 0. We differentiate r = 5 . 0 Ot í + (et + ft 2 ) j . 

(a) The particle's motion is indicated by the derivative of r : v = 5.00 i + (e + 2/?) j . 
The angle of its direction of motion is consequently 

0= tan" '(vy/vx) = tan" ^(e + 2/f)/5.00]. 

The graph indicates O 0 = 35.0° which determines the parameter e: 

e = (5.00 m/s) tan(35.0°) = 3.50 m/s. 

(b) We note (from the graph) that 0=0 when t = 14.0 s. Thus, e + 2ft = 0 at that time. 
This determines the parameter / : 

/ = ^ = ^^ = -0.125 m/s 2 . 
2t 2(14.0 s) 


11. We apply Eq. 4-10 and Eq. 4-16. 

(a) Taking the derivative of the position vector with respect to time, we have, in SI units 
(m/s), 

fi A A A A A 

v = — (i + 4í 2 j + ík) = 8íj+k. 

(b) Taking another derivative with respect to time leads to, in SI units (m/s ), 

á = 4(8íj + k) = 8j. 
dt 


12. We use Eq. 4-15 with v l designating the initial velocity and v 2 designating the later 
one. 

(a) The average acceleration during the At = 4 s interval is 


(-2.0i-2.0j + 5.0k)m/s-(4.0i-22j + 3.0k)m/s . . 2 .? , n . . 2 . f 

a„„ =- — : — 1 = (-1.5 m/s )i + (0.5m/s )k. 


avg 


4s 


(b) The magnitude of ã avg is ^(-1.5 m/s 2 ) 2 + (0.5 m/s 2 ) 2 = 1 .6 m/s 2 . 

(c) Its angle in the xz plane (measured from the +x axis) is one of these possibilities: 

' 0.5 m/s 2 N 


tan~ 


-1.5 m/s 2 


= -18° or 162 c 


where we settle on the second choice since the signs of its components imply that it is in 
the second quadrant. 


13. In parts (b) and (c), we use Eq. 4-10 and Eq. 4-16. For part (d), we find the direction 
of the velocity computed in part (b), since that represents the asked-for tangent line. 

(a) Plugging into the given expression, we obtain 


t=2.00 


= [2.00(8)-5.00(2)]i+ [6.00-7.00(16)] j = (6.00 i - 106 j) m 


(b) Taking the derivative of the given expression produces 

v(0 = (6.00í 2 - 5.00) í - 28.0í 3 ] 

where we have written v(t) to emphasize its dependence on time. This becomes, at 
t = 2.00 s, v = (19.0Í - 224 ]) m/s. 

(c) Differentiating the v(t) found above, with respect to t produces 12.0í i — 84.0í j, 
whichyields a =(24.0 í- 336 j) m/s 2 aU = 2.00s. 

(d) The angle of v , measured from +x, is either 


tan 


f -224 m/s A 
v 19.0 m/s j 


= -85.2° or 94.8° 


where we settle on the first choice (-85.2°, which is equivalent to 275° measured 
counterclockwise from the +x axis) since the signs of its components imply that it is in 
the fourth quadrant. 


14. We adopt a coordinate system with i pointed east and j pointed north; the 
coordinate origin is the flagpole. We "translate" the given information into unit-vector 
notation as follows: 

r o = (40.0 m)í and v Q = (-10.0 m/s)j 
r=(40.0m)j and v = (10.0 m/s)í. 

(a) Using Eq. 4-2, the displacement Ar is 

Ar =r-r o = (-40.0 m)i + (40.0 m)j. 

with a magnitude | Ar |= -^(-40.0 m) 2 +(40.0 m) 2 = 5 6 . 6 m. 

(b) The direction of Ar is 


0 = tan _1 


= tan~ 


40.0 m 
-40.0 m 


= -45.0° or 135 c 


Since the desired angle is in the second quadrant, we pick 135° (45° north of due west). 
Note that the displacement can be written as Ar = r - r Q = (56.6 Z 135°) in terms of the 
magnitude-angle notation. 

(c) The magnitude of v avg is simply the magnitude of the displacement divided by the 
time (At = 30.0 s). Thus, the average velocity has magnitude (56.6 m)/(30.0 s) = 1.89 m/s. 

(d) Eq. 4-8 shows that v avg points in the same direction as Ar , i.e, 135° (45° north of 
due west). 

(e) Using Eq. 4-15, we have 


ã avg =^-^ = (0.333 m/s 2 )í + (0.333 m/s 2 )]. 


The magnitude of the average acceleration vector is therefore equal to 
| 5 avg | = ^/(0.333 m/s 2 ) 2 +(0.333 m/s 2 ) 2 = 0.47 1 m/s 2 . 


(f) The direction of 5 avg is 

6> = tan~' 


^0.333 m/s 2 ^ 
v 0.333 m/s : j 


= 45° or -135°. 


Since the desired angle is now in the first quadrant, we choose 45°, and a avg points 
north of due east. 


15. We find t by applying Eq. 2-11 to motion along the y axis (with v y = 0 characterizing 

j =>w): 

0 = (12m/s) + (-2.0m/s 2 )í => t=6.0s. 
Then, Eq. 2-11 applies to motion along the x axis to determine the answer: 

v x = (8.0 m/s) + (4.0 m/s 2 )(6.0 s) = 32 m/s. 
Therefore, the velocity of the cart, when it reaches y = y max , is (32 m/s)í. 


1 2 

16. We find t by solving Ax = x 0 + v 0x t + — a x t : 


1 


2\ .2 


12.0 m = 0 + (4.00 m/s)í + -(5.00 m/s 2 y 


where we have used Ax = 12.0 m, v x = 4.00 m/s, and a x = 5.00 m/s . We use the 
quadratic formula and find t = 1.53 s. Then, Eq. 2-11 (actually, its analog in two 
dimensions) applies with this value of t. Therefore, its velocity (when Ax = 12.00 m) is 

v=v 0 + ãí = (4.00 m/s)í +(5.00 m/s 2 )( 1.53 s)í + (7.00 m/s 2 )( 1.53 s)j 
= (11.7m/s)í +(10.7 m/s)j. 


Thus, the magnitude of v is | v | = VÕL7 m/s) 2 + (10.7 m/s) 2 =15.8 m/s. 


(b) The angle of v , measured from +x, is 


tan~ 


^10.7 m/s A 
11.7 m/s 


= 42.6°. 


17. Constant acceleration in both directions (x and y) allows us to use Table 2-1 for the 
motion along each direction. This can be handled individually (for Ax and Ay) or together 
with the unit-vector notation (for Ar). Where units are not shown, SI units are to be 
understood. 

(a) The velocity of the particle at any time t is given by v = v 0 + at , where v 0 is the 
initial velocity and a is the (constant) acceleration. The x component is v x = v 0x + a x t = 
3.00 - l.OOt, and they component is 

Vy = V 0 y + ãyt = -0.500? 

since v 0y = 0. When the particle reaches its maximumx coordinate at t = t m , we must have 
v x = 0. Therefore, 3.00 - l.00t m = 0 or t m = 3.00 s. The y component of the velocity at this 
time is 

v y = 0 - 0.500(3.00) = -1 .50 m/s; 
this is the only nonzero component of v at t m . 

(b) Since it started at the origin, the coordinates of the particle at any time t are given by 
r - v 0 t + jãt 2 . At t = t m this becomes 

r = (3.00i)(3.00) + — (-1.00Í - 0.50 j)(3.00) 2 = (4.50Í - 2.25 j) m. 


18. We make use of Eq. 4-16. 

(a) The acceleration as a function of time is 

a = ^ = ((6.0? - 4.0í 2 ) i + 8.0 j) = (6.0 - 8.0?) i 

in SI units. Specifically, we find the acceleration vector at í = 3.0s to be 
(6.0-8.0(3.0))í = (-18m/s 2 )í. 

(b) The equation is a = (6.0 - 8.0í)i = 0 ; we find t = 0.75 s. 

(c) Since the y component of the velocity, v y = 8.0 m/s, is never zero, the velocity cannot 
vanish. 

(d) Since speed is the magnitude of the velocity, we have 

v = \v\ = ^(6.0t-4.0t 2 f +(8.0) 2 =10 

in SI units (m/s). To solve for t, we first square both sides of the above equation, followed 
by some rearrangement: 

(6.0t-4.0t 2 f +64 = 100 => (6.0t-4.0t 2 f =36 
Taking the square root of the new expression and making further simplification lead to 

6.0t-4.0t 2 =±6.0 => 4.0t 2 - 6.0^+6.0=0 
Finally, using the quadratic formula, we obtain 

6.0+^/36-4(4.0)(+6.0) 
2(8.0) 

where the requirement of a real positive result leads to the unique answer: t = 2.2 s. 


19. We make use of Eq. 4-16 and Eq. 4-10. 
Using a = 3ti + 4tj , we have (in m/s) 

v(t) = v 0 + j'ã </í = (5.00i + 2.00j)+ j"(3íí + 4íj) dt = (5.00 + 3í 2 /2)í + (2.00 + 2í 2 ) ] 

Integrating using Eq. 4-10 then yields (in metes) 

f(t) = r 0 + j'vdt = (20.0Í + 40.0j)+ j"'[(5.00 + 3í 2 / 2)1 + (2.00 + 2t 2 )]]dt 

= (20.0Í + 40.0j) + (5.00í + í 3 /2)í + (2.00í + 2í 3 /3)j 
= (20.0 + 5.00í + í 3 /2)í + (40.0 + 2.00í + 2í 3 /3)j 

(a) At í = 4.00 s, wehave r(t = 4.00 s) = (72.0 m)í + (90.7 m)j. 

(b) v(t = 4.00 s) = (29.0 m/s)i + (34.0 m/s)j. Thus, the angle between the direction of 
travei and +x, measured counterclockwise, is 0 = tan~ ! [(34.0 m/s)/(29.0 m/s)] = 49.5°. 


20. The acceleration is constant so that use of Table 2-1 (for both the x and y motions) is 
permitted. Where units are not shown, SI units are to be understood. Collision between 
particles A and B requires two things. First, the y motion of B must satisfy (using Eq. 2-15 
and noting that #is measured from the y axis) 


1 2 


30 m = - [(0.40 m/s 2 ) cos 0~\ t 2 


2 y 

Second, the x motions of A and B must coincide: 

vt = ^af (3.0 m/s> = ! [(0.40 m/s 2 ) sin#]í 2 . 

We eliminate a factor of t in the last relationship and formally solve for time: 

t _2v_ 2(3.0 m/s) 


a x (0.40 m/s 2 ) sin # 
This is then plugged into the previous equation to produce 

30 m = 1 [(0.40 m/s 2 ) cos 0] { 

2 L J ^(0.40 m/s 2 ) sin 6 

2 2 

which, with the use of sin 0= 1 - cos simplifies to 

9.0 cos 6 . 2 . 9.0 . 

30 = : — => 1 - cos 0= — — - cos 0. 

0.20 1- cos 2 6 (0.20)(30) 

We use the quadratic formula (choosing the positive root) to solve for cos 0 : 

-1.5 + Jl.5 2 -4(1.0)(-1.0) 1 

cos 0= ^ — = - 

2 2 


which yields 0 = cos 1 


= 60° 


21. (a) From Eq. 4-22 (with 6b = 0), the time of flight is 


2* 2(45.0 m) 
V g V 9.80 m/s 2 


(b) The horizontal distance traveled is given by Eq. 4-21 : 

Ax = v 0 t = (250 m/s)(3.03 s) = 758 m. 

(c) And from Eq. 4-23, we find 


v = gt = (9.80 m/s 2 )(3.03 s) = 29.7 m/s. 


22. We use Eq. 4-26 


^max 


í 2 

^ sin 20, 


g 


o 


v 0 2 (9.50m/s) 2 


g 9.80m/s 2 


= 9.209 m = 9.21m 


to compare with Powell's long jump; the difference from i? max is only Ai? =(9.21m 
8.95m) = 0.259 m. 


23. Using Eq. (4-26), the take-off speed of the jumper is 


v o=, 


gR (9.80 m/s 2 )(77.0 m) 


sin26» 0 V sin 2(12.0°) 


24. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. 

(a) With the origin at the initial point (edge of table), the y coordinate of the bali is given 
by y = -jgt 2 . If t is the time of flight and y = -1.20 m indicates the levei at which the 
bali hits the floor, then 


(b) The initial (horizontal) velocity of the bali is v = v 0 i . Since x = 1 .52 m is the 
horizontal position of its impact point with the floor, we have x = v 0 t. Thus, 



x 1.52 m 


= 3.07 m/s. 


t 0.495 s 


25. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The initial velocity is horizontal so that v 0y = 0 and 

v o, = v o = 1 0 m /s- 

(a) With the origin at the initial point (where the dart leaves the thrower's hand), the y 
coordinate of the dart is given by y--\gt 2 , so that with y = -PQ we have 

P0 = {(9.8 m/s 2 )(0.19s) 2 =0.18 m. 

(b) Fromx = v 0 t we obtainx = (10 m/s)(0.19 s) = 1.9 m. 


26. (a) Using the same coordinate system assumed in Eq. 4-22, we solve for y = h: 

1 2 

h = y o + v o sm0 o t- -gt 

which yields h = 51.8 m for y 0 = 0, v 0 = 42.0 m/s, 6> 0 = 60.0° and í = 5.50 s. 

(b) The horizontal motion is steady, so v x = v 0x = v 0 cos 0$, but the vertical component of 
velocity varies according to Eq. 4-23 . Thus, the speed at impact is 


v = J(v 0 cos# 0 ) + (v 0 sin# 0 - gt) =27.4 m/s. 



(c) We use Eq. 4-24 with v y = 0 and y = H: 


H = 


(v 0 sm# 0 ) 
2g 


= 67.5 m. 


27. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at ground levei directly below 
the release point. We write 6q = -30.0° since the angle shown in the figure is measured 
clockwise from horizontal. We note that the initial speed of the decoy is the plane's speed 
at the moment of release: v 0 = 290 km/h, which we convert to SI units: (290)( 1000/3600) 
= 80.6 m/s. 

(a) We use Eq. 4-12 to solve for the time: 

/ ^ x 700 m . . . 

Ax = (v n cos6>) t => t = 10.0s. 

0 0 (80.6 m/s) cos (-30.0°) 

(b) And we use Eq. 4-22 to solve for the initial height^o: 

y -y o =(v o sm0 o ) t-^gt 2 => 0-j 0 =(-40.3m/s)(10.0s)-^(9.80m/s 2 )(10.0s) 2 


which yields y 0 = 897 m. 


28. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is throwing point (the stone's 
initial position). The x component of its initial velocity is given by v 0x = v 0 cos# 0 and the 

y component is given by v 0y = v 0 siné? 0 , where v 0 = 20 m/s is the initial speed and 0 O = 

40.0° is the launch angle. 

(a) At t = 1 . 10 s, its x coordinate is 

x = v 0 t cos 0 O = (20.0 m / s)(l.l 0 s) cos 40.0° = 1 6.9 m 

(b) Its y coordinate at that instant is 

j = v 0 ísin# 0 - 7;gt 2 = (20.0m/s)(l.l0s) sin 40.0° - ^ (9.80m/s 2 )(l.l0s) 2 =8.21m. 

(c) At t ' = 1 .80 s, its x coordinate is x = (20.0 m / s)(l.80 s) cos 40.0° = 27.6 m. 

(d) Its y coordinate at t' is 

y= (20.0m/s)(1.80s)sin 40.0 o - | (9.80m/s 2 ) (l.80s 2 ) = 7.26m. 

(e) The stone hits the ground earlier than t = 5.0 s. To find the time when it hits the 
ground solve y = v 0 t sinô 0 -jgt 2 =0 for t. We find 

2v n 2(20.0 m/s) 

t = — - sin 9 {) = jJ- sin 40° = 2.62 s. 

g 0 9.8 m/s 2 

Its x coordinate on landing is 

x = v 0 t cos 0 O = (20.0 m/s) (2.62 s) cos 40° = 40.2 m. 

(f) Assuming it stays where it lands, its vertical component at t = 5.00 s is y = 0. 


29. The initial velocity has no vertical component — only anx component equal to +2.00 
m/s. Also, yo = +10.0 m if the water surface is established as y = 0. 

(a) x - xo = v x t readily yields x - xo = 1 .60 m. 

(b) Using y- y 0 = v Qy t-jgt 2 , we obtain y = 6.86 mwhen t= 0.800 s and vqy=0. 

(c) Using the fact that y = 0 and yo = 10.0, the equationj- y 0 = v 0y t-jgt 2 leads to 

t = ^2(10.0 m)/9.80 m/s 2 =1.43 s. 
During this time, the x-displacement of the diver is x -xo = (2.00 m/s)(1.43 s) = 2.86 m. 


30. (a) Since the j-component of the velocity of the stone at the top of its path is zero, its 
speed is 

v = ^v] + v 2 y =v x =v 0 cos 0 O = (28.0 m/s)cos40.0° = 21.4 m/s. 

(b) Using the fact that v = 0 at the maximum height _y max , the amount of time it takes for 
the stone to reach _y max is given by Eq. 4-23: 

0 = v =v o sm0 o -gt => í = -5 

g 

Substituting the above expression into Eq. 4-22, we find the maximum height to be 

1 


1 2 

Jmax = (v 0 sm 0 O ) í - - gt = v 0 sin 0 O 


/ • /3 A 1 f ■ n \ 2 2-2 


\ § J 


g 


v 0 sin# 0 


g 


_v 0 sin 0 O 


2g 


To find the time the stone descends to y = _y max 1 2 , we solve the quadratic equation given 
in Eq. 4-22: 


_1_ _ v 2 sin 2 6, 


-(v o sm0 o )t '-gt 2 => t ± = 


2" 


(2±V2)v 0 sin6> 0 


2g 


Choosing í = t + (for descending), we have 


v x = v 0 cos 6> 0 =(28.0 m/s)cos40.0° = 21.4 m/s 

v y = v 0 sin ^ 0 - g (2 + ^ )V ° Sm 0 ° =-^v o sin fl 0 = -—(28.0 m/s) sin 40.0° = -12.7 m/s 

2g 2 2 

Thus, the speed of the stone when y = y max 1 2 is 

v = ^ v 2 +v 2 => /(21.4 m/s) 2 +(-12.7 m/s) 2 =24.9 m/s. 

(c) The percentage difference is 

24.9 m/s -21.4 m/s 


21.4 m/s 


= 0.163 = 16.3%. 


3 1 . We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at ground levei directly below 
the release point. We write # 0 = -37.0° for the angle measured from +x, since the angle 
given in the problem is measured from the -y direction. We note that the initial speed of 
the projectile is the plane's speed at the moment of release. 

(a) We use Eq. 4-22 to find v 0 : 

y - y Q = (v 0 sin 0 Q ) t - ^gt 2 => 0 - 730 m = v 0 sin(-37.0°)(5.00 s) --(9.80 m/s 2 )(5.00 s) 2 
which yields v 0 = 202 m/s. 

(b) The horizontal distance traveled is x = v 0 tcos do = (202 m/s)(5.00 s)cos(-37.0°) = 806 m. 

(c) The x component of the velocity (just before impact) is 

v x = v 0 cos#) = (202 m/s)cos(-37.0°) = 161 m/s. 

(d) The y component of the velocity (just before impact) is 

v y = v 0 sin 6b -gt = (202 m/s) sin (-37.0°) - (9.80 m/s 2 )(5.00 s) = -171 m/s. 


32. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at ground levei directly below 
the point where the bali was hit by the racquet. 

(a) We want to know how high the bali is above the court when it is at x = 12.0 m. First, 
Eq. 4-21 tells us the time it is over the fence: 

x 12.0 m 

t = = - r = 0.508 s. 

v 0 cos# 0 (23.6 m/s) cos 0 o 

At this moment, the bali is at a height (above the court) of 

y=y 0 + (v 0 sin 0 o )í- -gí 2 = 1.10m 


which implies it does indeed clear the 0.90 m high fence. 

(b) At t = 0.508 s, the center of the bali is (1.10 m - 0.90 m) = 0.20 m above the net. 

(c) Repeating the computation in part (a) with Oq = -5.0° results in t = 0.510 s and 
y = 0.040 m, which clearly indicates that it cannot clear the net. 


(d) In the situation discussed in part (c), the distance between the top of the net and the 
center of the bali at t = 0.5 10 s is 0.90 m - 0.040 m = 0.86 m. 


33. We first find the time it takes for the volleyball to hit the ground. Using Eq. 4-22, we 
have 

y -y 0 =(v 0 sin6> 0 ) t-^gt 2 => 0-2.30 m = (-20.0 m/s) sin(18.0°)í -^-(9.80 m/s 2 )t 2 

which gives t = 0.30 s . Thus, the range of the volleyball is 

R = (v 0 cos 0 o )t = (20.0 m/s)cosl8.0°(0.30s) = 5.71 m 

On the other hand, when the angle is changed to # 0 ' = 8.00° , using the same procedure as 
shown above, we find 

y -y 0 =(v o sin0 o ') t'-^gt n => 0-2.30 m = (-20.0 m/s) sin(8.00°)í'-^ (9.80 m/s 2 )/ 2 

which yields t' = 0.46 s , and the range is 

R' = (v 0 cos 0 o )t' = (20.0 m/s)cosl8.0°(0.46 s) = 9.06 m 

Thus, the bali traveis an extra distance of 

Ai? = i?'-i? = 9.06 m-5.71 m = 3.35 m 


34. Although we could use Eq. 4-26 to find where it lands, we choose instead to work 
with Eq. 4-21 and Eq. 4-22 (for the soccer bali) since these will give information about 
where and when and these are also considered more fundamental than Eq. 4-26. With Ay 
= 0, we have 

. , . ^ 1 2 (19.5 m/s) sin 45.0° 

Ay = (v n sin0 n ) f — gt => t = - — = 2.81 s. 

0 0 2 (9.80 m/s 2 )/2 

Then Eq. 4-21 yields Ax = (v 0 cos Oà)t = 38.7 m. Thus, using Eq. 4-8, the player must 
have an average velocity of 

Ar (38.7 m) i-(55 m)i ? 

v ^ = — = — = (-5.8 m/s) í 

avg At 2.81 s 


which means his average speed (assuming he ran in only one direction) is 5.8 m/s. 


35. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at its initial position (where it is 
launched). At maximum height, we observe v y = 0 and denote v x = v (which is also equal 
to v 0x ). In this notation, we have v 0 = 5v. Next, we observe v 0 cos 6q = v 0x = v, so that we 
arrive at an equation (where v ^ 0 cancels) which can be solved for 6q\ 


í 1 A 


(5v) cos 0 O = v => 0 O = cos 


= 78.5°. 


36. (a) Solving the quadratic equation Eq. 4-22: 
y - y Q = (v 0 sin 0 Q ) t - 1 gt 2 => 0 - 2. 1 60 m = (1 5 .00 m/s) sin(45 .00°)í - ^ (9. 800 m/s 2 )í 2 

the total travei time of the shot in the air is found to be t = 2.352 s . Therefore, the 
horizontal distance traveled is 

R = (v 0 cos0 o )t = (15.00 m/s)cos45.00°(2.352 s) = 24.95 m . 
(b) Using the procedure outlined in (a) but for 0 O = 42.00° , we have 

y-y 0 = (v 0 sin6> 0 ) t-^gt 1 => 0-2.160 m = (15.00 m/s) sin(42.00°)í-^- (9.800 m/s 2 )í 2 

and the total travei time is t = 2.245 s . This gives 

R = (v 0 cos6» 0 )t = (15.00 m/s)cos42.00°(2.245 s) = 25.02 m . 


37. We designate the given velocity v = (7.6 m/s)i + (6.1 m/s) j as Vj - as opposed to the 
velocity when it reaches the max height v 2 or the velocity when it returns to the ground 
v 3 - and take v 0 as the launch velocity, as usual. The origin is at its launch point on the 
ground. 

(a) Different approaches are available, but since it will be useful (for the rest of the 
problem) to first find the initial y velocity, that is how we will proceed. Using Eq. 2-16, 
we have 

vf y =v 2 0y -2gAy => (6.1 m/s) 2 = v 2 0y -2(9.8 m/s 2 )(9.1 m) 

which yields v 0y = 14.7 m/s. Knowing that v 2y must equal 0, we use Eq. 2-16 again but 
now with Ay = h for the maximum height: 

v 2 2y =v 2 0y -2gh => 0 = (14.7 m/s) 2 -2(9.8 m/s 2 )/* 
which yields h = 1 1 m. 

(b) Recalling the derivation of Eq. 4-26, but using v 0y for v 0 sin 0 O and v 0v for v 0 cos 0 O , 
we have 

0=v 0y t-^gt 2 , R=v 0x t 

which leads to R = 2v 0x v 0y I g. Noting that v 0x = v\ x = 7.6 m/s, we plug in values and 
obtain 

R = 2(7.6 m/s)(14.7 m/s)/(9.8 m/s 2 ) = 23 m. 

(c) Since v 3x = v\ x = 7.6 m/s and v 3y = - v 0j , = -14.7 m/s, we have 

v 3 =^Jv 2 x + v 2 y =7(7.6 m/s) 2 +(-14.7 m/s) 2 =17 m/s. 

(d) The angle (measured from horizontal) for v 3 is one of these possibilities: 

'-14.7 m^ 


tan 1 


v 7.6 m y 


-63° or 117° 


where we settle on the first choice (-63°, which is equivalent to 297°) since the signs of 
its components imply that it is in the fourth quadrant. 


38. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at the release point (the initial 
position for the bali as it begins projectile motion in the sense of §4-5), and we let 6ç> be 
the angle of throw (shown in the figure). Since the horizontal component of the velocity 
of the bali is v x = v 0 cos 40.0°, the time it takes for the bali to hit the wall is 

Ax 22.0 m 

t = — = = 1.15 s. 

v x (25.0 m/s) cos 40.0° 

(a) The vertical distance is 

Ay = (v 0 sin 0*)t~ gt 2 = (25 .0 m/s) sin 40.0°(1 . 1 5 s) - 1 (9.80 m/s 2 )(l . 1 5 s) 2 = 12.0 m. 

(b) The horizontal component of the velocity when it strikes the wall does not change 
from its initial value: v x = v 0 cos 40.0° = 19.2 m/s. 

(c) The vertical component becomes (using Eq. 4-23) 

v y =v 0 sin 0 o -gt = (25.0 m/s) sin 40.0° - (9.80 m/s 2 )(1.15 s) = 4.80 m/s. 


(d) Since v y > 0 when the bali hits the wall, it has not reached the highest point yet. 


39. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at the end of the rifle (the initial 
point for the bullet as it begins projectile motion in the sense of § 4-5), and we let 6o be 
the firing angle. If the target is a distance d away, then its coordinates are x = d, y = 0. 
The projectile motion equations lead to í/ = v 0 cos# 0 and 0 = v 0 tsm& 0 -\gt 2 . 

Eliminating t leads to 2v 2 sin 0 O cos 0 O - gd = 0 . Using sin# 0 cos# 0 = jsin(2# 0 ) , we 
obtain 

2 . „„ s , . „„ N gd (9.80 m/s 2 )(45.7 m) 

v 0 2 sm (20 o ) = gd => sin(2^ 0 ) = ^ r = ^ ttt^TTi 1 

v 0 (460 m/s) 

which yields sin(2# 0 ) = 2.1 lxlO 3 and consequently do = 0.0606°. If the gun is aimed at a 
point a distance t above the target, then tan ô 0 = i/d so that 


£ = d tan 0 O = (45.7 m) tan(0.0606°) = 0.0484 m = 4.84 cm. 


40. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The initial velocity is horizontal so that v 0y = 0 and 

v 0x = v 0 = 161 km/h . Converting to SI units, this is v 0 = 44.7 m/s. 

(a) With the origin at the initial point (where the bali leaves the pitcher's hand), the y 
coordinate of the bali is given by y = - \gt 2 , and the x coordinate is given by x = v 0 t. 

From the latter equation, we have a simple proportionality between horizontal distance 
and time, which means the time to travei half the total distance is half the total time. 
Specifically, if x = 18.3/2 m, then t = (18.3/2 m)/(44.7 m/s) = 0.205 s. 

(b) And the time to travei the next 18.3/2 m must also be 0.205 s. It can be useful to write 
the horizontal equation as Ax = v 0 At in order that this result can be seen more clearly. 

(c) From y = -\gt 2 , we see that the bali has reached the height of 
| -|(9.80 m/s 2 )(0.205 sf | = 0.205 m at the moment the bali is halfway to the batter. 

(d) The ball's height when it reaches the batter is -}(9.80 m/s 2 ) (0.409 s) 2 =-0.820m, 

which, when subtracted from the previous result, implies it has fallen another 0.615 m. 
Since the value of y is not simply proportional to t, we do not expect equal time-intervals 
to correspond to equal height-changes; in a physical sense, this is due to the fact that the 
initial j-velocity for the first half of the motion is not the same as the "initial" j-velocity 
for the second half of the motion. 


41. Following the hint, we have the time-reversed problem with the bali thrown from the 
ground, towards the right, at 60° measured counterclockwise from a rightward axis. We 
see in this time-reversed situation that it is convenient to use the familiar coordinate 
system with +x as rightward and with positive angles measured counterclockwise. 

(a) The x-equation (with xo = 0 and x = 25.0 m) leads to 

25.0 m = (v 0 cos 60.0°)(1.50 s), 

so that v 0 = 33.3 m/s. And with y 0 = 0, and y = h > 0 at t = 1.50 s, we have 
y- y 0 = v 0y t - \gt 2 where v 0y = v 0 sin 60.0°. This leads to h = 32.3 m. 


(b) We have 


v x = v 0x = (33.3 m/s)cos 60.0° = 16.7 m/s 


v y = v 0y -gt= (33.3 m/s)sin 60.0° - (9.80 m/s z )(l .50 s) = 14.2 m/s. 
The magnitude of v is given by 

\v\=^v 2 x +v] => /(16.7 m/s) 2 + (14.2 m/s) 2 =21.9 m/s. 


(c) The angle is 


6> = tan 


IV 


^14.2m/s^ 

= tan~' 

v v *7 


v 16. 7 m/s J 


= 40. 4 C 


(d) We interpret this result ("undoing" the time reversal) as an initial velocity (from the 
edge of the building) of magnitude 21.9 m/s with angle (down from leftward) of 40.4°. 


42. In this projectile motion problem, we have v 0 = v x = constant, and what is plotted is 
v = <Jv 2 +v 2 y . We infer from the plot that at t = 2.5 s, the bali reaches its maximum height, 
where v y = 0. Therefore, we infer from the graph that v x = 19 m/s. 

(a) During t = 5 s, the horizontal motion is x - xo = v x t = 95 m. 

(b) Since ^(19 m/s) 2 + v 0 2 y = 3 1 m/s (the first point on the graph), we find v 0y = 24.5 m/s. 
Thus, with t = 2.5 s, we can use j max -y 0 =v 0y t-\gt 2 ox v 2 y =0 = v 0 2 y -2g(y max -y 0 ), or 
Jmax - >o = 2\ v y + \ y to solve. Here we will use the latter: 

JW-Jo =\(v y +v 0y )t^ yimx =^(0 + 24.5m/s)(2.5s) = 31m 
where we have taken y 0 = 0 as the ground levei. 


43. (a) Let m = ^j = 0.600 be the slope of the ramp, so y = mx there. We choose our 
coordinate origin at the point of launch and use Eq. 4-25. Thus, 


(9.80 m/s 2 )x 2 
2(10.0 m/s) 2 (cos 50.0 o ) 2 


y = tan(50.0°)x - n „ n \ ■ ; ^ '— - 2 = 0.600x 


which yields x = 4.99 m. This is less than d x so the bali does land on the ramp. 

(b) Using the value of x found in part (a), we obtain y = mx = 2.99 m. Thus, the 
Pythagorean theorem yields a displacement magnitude of \jx 2 +y 2 = 5.82 m. 

(c) The angle is, of course, the angle of the ramp: tan _1 (m) = 31.0°. 


44. (a) Using the fact that the person (as the projectile) reaches the maximum height over 
the middle wheel located at x = 23 m + (23/2) m = 34.5 m, we can deduce the initial 
launch speed from Eq. 4-26: 


2 2g 0 \jún20 o \ sin(2-53°) 

Upon substituting the value to Eq. 4-25, we obtain 

^ ♦ a g* m ^vx ^ «o (9.8 m/s 2 )(23 m) 2 

v= y n + xtan<9„ — - — = 3.0 m + (23 m)tan53 ^ — - = 23.3 m. 

0 0 2v 2 cos 2 6> 0 2(26.5 m/s) 2 (cos 53 o ) 2 


Since the height of the wheel is h w =18m , the clearance over the first wheel is 
Ay = y — h w = 23.3 m-18 m = 5.3 m. 

(b) The height of the person when he is directly above the second wheel can be found by 
solving Eq. 4-24. With the second wheel located at x = 23 m + (23/2) m = 34.5 m, we 

have 

^ ♦ a g* m j.riA* ^* «o (9.8 m/s 2 X34.5 m) 2 

v = V n + x tan 6> — = — = 3.0 m + (34.5 m)tan53 — r- 

0 0 2v 2 cos 2 6» 0 2(26.52 m/s) 2 (cos 53 o ) 2 

= 25.9 m. 


Therefore, the clearance over the second wheel is Áy = y-h w = 25.9 m-18 m = 7.9 m. 

(c) The location of the center of the net is given by 

gx 2 v n 2 sin20 n (26.52 m/s) 2 sin(2 - 53°) rtx 

0 = y~y n =xtan0 () — => x = ^ °- = - - — ± - = 69m. 

0 0 2v 2 cos 2 6> 0 g 9.8 m/s 2 


45. Using the information given, the position of the insect is given by (with the Archer 
fish at the origin) 

x = d cos ^ = (0.900 m)cos36.0° = 0.728 m 
y = d sin <j) = (0.900 m) sin 36.0° = 0.529 m 

Since y corresponds to the maximum height of the parabolic trajectory (see Problem 4- 
30): y = y mRX = v% sin 2 0 Q /2g , the launch angle is found to be 


46. Following the hint, we have the time-reversed problem with the bali thrown from the 
roof, towards the left, at 60° measured clockwise from a leftward axis. We see in this 
time-reversed situation that it is convenient to take +x as leftward with positive angles 
measured clockwise. Lengths are in meters and time is in seconds. 

(a) With y 0 = 20.0 m, and y = 0 at t = 4.00 s, we have y-y 0 =v 0y t -\gt 2 where 
v 0y = v 0 sin60°. This leads to v 0 = 16.9 m/s. This plugs into the x-equation x-x 0 =v 0x t 
(with xo = 0 and x = d) to produce d = (16.9 m/s)cos 60°(4.00 s) = 33.7 m. 

(b) We have 

v x =v Qx = (16.9 m/s) cos 60.0° = 8.43 m/s 

v v =v 0y -gt = (16.9 m/s)sin60.0 o -(9.80m/s 2 )(4.00s) = -24.6 m/s. 
The magnitude of v is | v |= ^v 2 +v 2 = ^(8.43 m/s) 2 +(-24.6 m/s) 2 = 26 . 0 m/s . 


(c) The angle relative to horizontal is 

# = tan~' — =tan~ 


^-24.6 m/s A 
v 8.43 m/s y 


= -71.1°. 


We may convert the result from rectangular components to magnitude-angle 
representation: 

v = (8.43, -24.6) -> (26.0 Z- 71.1°) 


and we now interpret our result ("undoing" the time reversal) as an initial velocity of 
magnitude 26.0 m/s with angle (up from rightward) of 71.1°. 


47. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at ground levei directly below 
impact point between bat and bali. The Hint given in the problem is important, since it 
provides us with enough information to find v 0 directly from Eq. 4-26. 

(a) We want to know how high the bali is from the ground when it is atx = 97.5 m, which 
requires knowing the initial velocity. Using the range information and do = 45°, we use 
Eq. 4-26 to solve for v 0 : 

I rr R |Í9.8 m/s 2 )(107m) 
-■ - ' 8 - ,V J - = 32.4 m/s. 


sin 20 o v 1 


Thus, Eq. 4-21 tells us the time it is over the fence: 


x 97.5 m 

t = = = 4.26 s. 

v 0 cos 0 O (32.4 m/s) cos 45° 


At this moment, the bali is at a height (above the ground) of 

1 


y = y 0 + (v 0 sin e 0 )t - ^gt 2 = 9.88 m 


which implies it does indeed clear the 7.32 m high fence. 


(b) At t = 4.26 s, the center of the bali is 9.88 m - 7.32 m = 2.56 m above the fence. 


48. Using the fact that v y = O when the player is at the maximum height y max , the amount 
of time it takes to reach y msx can be solved by using Eq. 4-23: 


• „ v n sin6> 
O = v=v o sin0 o -gí => /., iX - 


g 


Substituting the above expression into Eq. 4-22, we find the maximum height to be 


Xnax = ( V 0 0 O ) Cax " 77 g*L = V 0 SÍl1 d 0 


2' 


r 


v 0 sin6> 0 


' ^ v n sin 0 n Y v 2 sin 2 0, 


0 ^0 

g ) 1 K s 


-g 


_ "0 ^ 

2g 


To find the time when the player is at y = y max 1 2 , we solve the quadratic equation given 
in Eq. 4-22: 

1 vi sin 2 Of. . . n . 1 2 (2 ± V2)v n sin 6*,, 

= 2 .'-::u,- ° 4g ° =(V 0 Sin^ 0 )?--^ 2 => t ± =± K 


With t = t_ (for ascending), the amount of time the player spends at a height y > y max / 2 
is 


& = t max -t_ = 


v 0 sin d a (2 - V2 )v 0 sin 0 O _ v 0 sin 0 O _ t n 


At 1 


g 


2g 


4i g V2 t max V2 


= 0.707 


Therefore, the player spends about 70.7% of the time in the upper half of the jump. Note 
that the ratio At I t max is independent of v 0 and 0 O , even though At and t max depend on 
these quantities. 


49. (a) The skier jumps up at an angle of 0 O = 9.0° up from the horizontal and thus 
returns to the launch levei with his velocity vector 9.0° below the horizontal. With the 
snow surface making an angle of « = 11.3° (downward) with the horizontal, the angle 
between the slope and the velocity vector is 0 = a-0 o = 1 1 .3° - 9.0° = 2.3° . 

(b) Suppose the skier lands at a distance d down the slope. Using Eq. 4-25 with 
x = d cos a and y = -d sin a (the edge of the track being the origin), we have 

j ■ j 4. n g(dcosaf 
-d sma = d cos a tan O n 


2v 0 cos 0 O 


Solving for d, we obtain 

. 2vl cos 2 O, , v 2vl cos 0 n , . . . . N 

d = — - — = — iL lcosatan6' 0 +sma) = — - — - — iL (cosasin6' 0 +cos6' n sina) 
gcos a gcos a 

2v 2 cos6> . . . . 
= —5 — r -5-sin(í> 0 + a). 
gcos a 

Substituting the values given, we find 

200^003(9.0°) 3 27 m 

(9.8m/s 2 )cos 2 (11.3°) 

which gives 

y = -d sina = -(7. 27 m)sin(l 1.3°) = -1.42 m. 

Therefore, at landing the skier is approximately 1 .4 m below the launch levei. 

(c) The time it takes for the skier to land is 

t _ x_ _ d cos a _ (1.21 m)cos(11.3°) _ y2 
~ v x ~ v 0 cos6» 0 ~ (10m/s)cos(9.0°) 


Using Eq. 4-23, the x-and j-components of the velocity at landing are 
v x =v 0 cos6» 0 =(10m/s)cos(9.0°) = 9.9m/s 

v y =v 0 sin6» 0 -gí = (10m/s)sin(9.0°)-(9.8m/s 2 )(0.72s) = -5.5m/s 
Thus, the direction of travei at landing is 


IV 


^-5.5m/s' 


= tan _1 




v 9.9 m/s J 


or 29.1° below the horizontal. The result implies that the angle between the skier's path 
and the slope is 0 = 29.1 o - 1 1.3° = 17.8° , or approximately 18° to two significant figures. 


50. From Eq. 4-21, we find t = xl v 0x . Then Eq. 4-23 leads to 


v y= v o y -gt = v 0y -— ■ 
Since the slope of the graph is -0.500, we conclude = ~ =í> v ox = 19.6 m/s. And from 

v ox L 

the "y intercept" of the graph, we find v oy = 5.00 m/s. Consequently, 6 0 = tan _1 (v 0 y /v ox ) = 
14.3°. 


5 1 . We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. The coordinate origin is at the point where the bali is 
kicked. We use x and y to denote the coordinates of bali at the goalpost, and try to find 
the kicking angle(s) 0o so that y = 3.44 m when x = 50 m. Writing the kinematic 
equations for projectile motion: 

x = v 0 cos6> 0 , y = v 0 ísin 0 O - \gt 2 , 

we see the first equation gives t = x/v 0 cos do, and when this is substituted into the second 
the result is 

y = x tan 0 O - 


2v 0 cos 0 O 

One may solve this by trial and error: systematically trying values of Oo until you find the 
two that satisfy the equation. A little manipulation, however, will give an algebraic 
solution: Using the trigonometric identity 1 / cos 2 do = 1 + tan 2 6o, we obtain 

1 gx 1 7 si 1 gx 2 

2 v 0 2 v 0 

which is a second-order equation for tan 6o- To simplify writing the solution, we denote 
c= \gx 2 lvl= |(9.80 m/s 2 ) (50 m) 2 / (25 m/s) 2 =19.6m. 

Then the second-order equation becomes c tan Oo - x tan Oo + y + c = 0. Using the 
quadratic formula, we obtain its solution(s). 


tan 0 0 - 


x±^x 2 -4(y + c)c _ 50 m± ^(50 m) 2 -4(3.44 m+ 19.6 m)(l9.6 m) 


2c 2(19.6 m) 


The two solutions are given by tan 0 O = 1.95 and tan 0 O = 0.605. The corresponding (first- 
quadrant) angles are 0o = 63° and 0o = 31°. Thus, 

(a) The smallest elevation angle is 0o = 31°, and 

(b) The greatest elevation angle is 0o = 63°. 

If kicked at any angle between these two, the bali will travei above the cross bar on the 
goalposts. 


52. For Ay = 0, Eq. 4-22 leads to t = 2v o sm0 o /g, which immediately implies í max = 2v 0 /g 
(which occurs for the "straight up" case: 6 0 = 90°). Thus, 

^max = V 0 /g => \ = SÍn<9 0 . 


Therefore, the half-maximum-time fiight is at angle 0 O = 30.0°. Since the least speed 
occurs at the top of the trajectory, which is where the velocity is simply the x-component 
of the initial velocity (v 0 cos# 0 = v o cos30° for the half-maximum-time flight), then we 
need to refer to the graph in order to find v G - in order that we may complete the solution. 
In the graph, we note that the range is 240 m when 0 O = 45.0°. Eq. 4-26 then leads to v Q = 
48.5 m/s. The answer is thus (48.5 m/s)cos30.0° = 42.0 m/s. 


53. We denote h as the height of a step and w as the width. To hit step n, the bali must fali 
a distance nh and travei horizontally a distance between (n - l)w and nw. We take the 
origin of a coordinate system to be at the point where the bali leaves the top of the 
stairway, and we choose the y axis to be positive in the upward direction. The coordinates 
of the bali at time t are given by x = v 0x t and y - - jgt 2 (since v 0y = 0). We equate y to 
-nh and solve for the time to reach the levei of step n: 


The method is to try values of n until we find one for which x/w is less than n but greater 
than n — 1. For n = \,x = 0.309 m and x/w = 1.52, which is greater than n. For n = 2, x = 
0.437 m and x/w = 2.15, which is also greater than n. For n = 3, x = 0.535 m and x/w = 
2.64. Now, this is less than n and greater than n - 1, so the bali hits the third step. 



The x coordinate then is 



54. We apply Eq. 4-21, Eq. 4-22 and Eq. 4-23. 

(a) From Ax = v 0 J , we find v 0x = 40 m/2 s = 20 m/s. 

(b) From Ay = v 0y t - \ gt 2 , we find v 0 v = (53 m + \ (9.8 m/s 2 )(2 s) 2 ) / 2 = 36 m/s. 

(c) From v r = v 0y - gt' with v y = 0 as the condition for maximum height, we obtain 

t' = (36 m/s) /(9.8 m/s 2 ) = 3.7 s. During that time the x-motion is constant, so 
x - x 0 = (20 m/s)(3 .7 s) = 74 m. 


55. Let yo = ho= 1.00 m at xo = O when the bali is hit. Let y\ = h (the height of the wall) 
and jci describe the point where it first rises above the wall one second after being hit; 
similarly, y 2 = h and x 2 describe the point where it passes back down behind the wall four 
seconds later. And >y= 1.00 m at jc/= R is where it is caught. Lengths are in meters and 
time is in seconds. 

(a) Keeping in mind that v x is constant, we have x 2 - x\ = 50.0 m = v ix (4.00 s), which 
leads to v\ x = 12.5 m/s. Thus, applied to the full six seconds of motion: 

x f -xo = R = v x (6.00 s) = 75.0 m. 

(b) We apply y - y 0 = v 0y t - \ gt 2 to the motion above the wall, 

y 2 -y, =o = v lr (4.oos)-i g (4.oo s) 2 

and obtain v\ y = 19.6 m/s. One second earlier, using v\ y = v 0y - g(1.00 s), we find 
v 0y = 29.4 m/s . Therefore, the velocity of the bali just after being hit is 

v=vj + v 0y } = (\2.5 m/s) i+ (29.4 m/s) j 
Its magnitude is ] v |= ^(12.5 m/s) 2 +(29.4 m/s) 2 =31.9 m/s. 


(c) The angle is 


6> = tan 


= tan 


A 29.4m/s^ 
12.5 m/s 


= 67. 0 C 


We interpret this result as a velocity of magnitude 31.9 m/s, with angle (up from 
rightward)of67.0°. 

(d) During the first 1.00 s of motion, y = y 0 + v 0y t -jgt 2 yields 


h = 1.0 m + (29.4 m/s) (l .00 s) -|(9.8 m/s 2 )(l.00 s) 2 = 25.5 m. 


56. (a) During constant-speed circular motion, the velocity vector is perpendicular to the 
acceleration vector at every instant. Thus, v • a = 0. 

(b) The acceleration in this vector, at every instant, points towards the center of the circle, 
whereas the position vector points from the center of the circle to the object in motion. 

Thus, the angle between r and a is 180° at every instant, so r x a = 0. 


57. (a) Since the wheel completes 5 turns each minute, its period is one-fifth of a minute, 
or 12 s. 

(b) The magnitude of the centripetal acceleration is given by a = v IR, where R is the 
radius of the wheel, and v is the speed of the passenger. Since the passenger goes a 
distance 2nR for each revolution, his speed is 

2415 m) 

v = — i ^ = 7.85 m/s 

12 s 


1 / .0^ 111 / o l 2 

and his centripetal acceleration is a = 1 — = 4.1 ml s . 

15m 

(c) When the passenger is at the highest point, his centripetal acceleration is downward, 
toward the center of the orbit. 


(d) At the lowest point, the centripetal acceleration is a = 4. 1 m/s 2 , same as part (b). 

(e) The direction is up, toward the center of the orbit. 


58. The magnitude of the acceleration is 

v 2 (I0m/s) 2 2 

a = — = ± ^ = 4.0 m/s 2 . 

r 25 m 


59. We apply Eq. 4-35 to solve for speed v and Eq. 4-34 to find centripetal acceleration a. 

(a) v = 2w/r= 2^(20 km)/1.0s= 126 km/s = 1.3 x IO 5 m/s. 

(b) The magnitude of the acceleration is 

v 2 (126 km/ sf „ , , 2 

a= — = ± ^- = 7.9xl0 5 m/s 2 . 

r 20 km 

(c) Clearly, both v and a will increase if Tis reduced. 


60. We apply Eq. 4-35 to solve for speed v and Eq. 4-34 to find acceleration a. 
(a) Since the radius of Earth is 6.37 x IO 6 m, the radius of the satellite orbit is 

r = (6.37 x IO 6 + 640 x IO 3 ) m = 7.01 x IO 6 m. 
Therefore, the speed of the satellite is 

2jrr 2;r(7.01 x IO 6 m) 

v = — = - ^ - ^ = 7.49xl0 3 m/s. 

T (98.0 min)(60s/ min) 


(b) The magnitude of the acceleration is 


v2 


v 2 (7.49 x 10 3 m/s) 

a = — = - , - = 8.00 m/s 2 . 

r 7.01 x IO 6 m 


2 

61. The magnitude of centripetal acceleration (a = v Ir) and its direction (towards the 
center of the circle) form the basis of this problem. 

(a) If a passenger at this location experiences a = 1.83 ml s 2 east, then the center of the 
circle is east of this location. The distance is r = v 2 la = (3.66 m/s) 2 /(1.83 m/s 2 ) = 7.32 m. 

(b) Thus, relative to the center, the passenger at that moment is located 7.32 m toward the 
west. 

(c) If the direction of ã experienced by the passenger is now south — indicating that the 
center of the merry-go-round is south of him, then relative to the center, the passenger at 
that moment is located 7.32 m toward the north. 


62. (a) The circumference is c = 2m = 2^(0.15 m) = 0.94 m. 

(b) With T = (60 s)/1200 = 0.050 s, the speed is v = c/T = (0.94 m)/(0.050 s) = 19 m/s. 
This is equivalent to using Eq. 4-35. 

2 2 3 2 

(c) The magnitude of the acceleration is a = v 7r = (19 m/s)7(0.15 m) = 2.4 x 10 J m/s. 

(d) The period of revolution is (1200 rev/min) -1 = 8.3 x 10~ 4 min which becomes, in SI 
units, T= 0.050 s = 50 ms. 


63. Since the period of a uniform circular motion is T = 2nr I v , where r is the radius and 
v is the speed, the centripetal acceleration can be written as 


a = — = - 

r r 


An r 


Based on this expression, we compare the (magnitudes) of the wallet and purse 
accelerations, and find their ratio is the ratio of r values. Therefore, a wa iiet = 1-50 a vm%e . 
Thus, the wallet acceleration vector is 


a = 1.50[(2.00 m/s 2 )í +(4.00 m/s 2 )j]=(3.00 m/s 2 )í +(6.00 m/s 2 )]. 


64. The fact that the velocity is in the +y direction, and the acceleration is in the +x 
direction at t\= 4.00 s implies that the motion is clockwise. The position corresponds to 
the "9:00 position." On the other hand, the position at Í2=10.0 s is in the "6:00 position" 
since the velocity points in the -x direction and the acceleration is in the +y direction. The 
time interval Aí = 10.0s-4.00s = 6.00s is equal to 3/4 of aperiod: 

6.oo s = -r => r = 8.oos. 

4 

Eq. 4-35 then yields 

vT (3.00m/s)(8.00s) „ no 

r = — = - — - = 3.82 m. 

2n 2tz 

(a) The x coordinate of the center of the circular path is x = 5.00 m + 3.82 m = 8.82 m. 

(b) The y coordinate of the center of the circular path is y = 6.00 m. 


In other words, the center of the circle is at (x,y) = (8.82 m, 6.00 m). 


65. We first note that a\ (the acceleration at t\ = 2.00 s) is perpendicular to a 2 (the 
acceleration at í 2 =5.00 s), by taking their scalar (dot) product: 


a r a 2 =[(6.00 m/s 2 )í+(4.00 m/s 2 )]]- [(4. 00 m/s 2 )í+(-6.00 m/s 2 )j]=0. 


Since the acceleration vectors are in the (negative) radial directions, then the two 
positions (at t\ and t 2 ) are a quarter-circle apart (or three-quarters of a circle, depending 
on whether one measures clockwise or counterclockwise). A quick sketch leads to the 
conclusion that if the particle is moving counterclockwise (as the problem states) then it 
traveis three-quarters of a circumference in moving from the position at time U to the 
position at time t 2 . Letting T stand for the period, then t 2 - U = 3.00 s = 3774. This gives 
T= 4.00 s. The magnitude of the acceleration is 


a = 



^(6.00 m/s 2 ) 2 +(4.00 m/s) 2 =7.21 m/s 2 . 


Using Eq. 4-34 and 4-35, we have a = An 2 r I T 2 , which yields 


r = 


aT 2 (7.21 m/s 2 )(4.00 s) 2 


= 2.92 m. 


4^- 2 4^- 2 


66. When traveling in circular motion with constant speed, the instantaneous acceleration 
vector necessarily points towards the center. Thus, the center is "straight up" from the 
cited point. 

(a) Since the center is "straight up" from (4.00 m, 4.00 m), the x coordinate of the center 
is 4.00 m. 


(b) To find out "how far up" we need to know the radius. Using Eq. 4-34 we find 

v 2 (5.00 m/s) 2 

r = — = ± ^- = 2.00 m. 

a 12.5 m/s 2 


Thus, the y coordinate of the center is 2.00 m + 4.00 m = 6.00 m. Thus, the center may 
be written as (x, y) = (4.00 m, 6.00 m). 


67. To calculate the centripetal acceleration of the stone, we need to know its speed 
during its circular motion (this is also its initial speed when it flies off). We use the 
kinematic equations of projectile motion (discussed in §4-6) to find that speed. Taking 
the +y direction to be upward and placing the origin at the point where the stone leaves its 
circular orbit, then the coordinates of the stone during its motion as a projectile are given 
by x = vot and y = - \ gt 2 (since v 0y = 0). It hits the ground at x = 10 m and y = -2.0 m. 


Formally solving the second equation for the time, we obtain t = ^-2y I g , which we 
substitute into the first equation: 




Therefore, the magnitude of the centripetal acceleration is 


v 2 

a = — 


(15.7 m/s) 2 
1.5 m 


= 160m/s 2 . 


68. We note that after three seconds have elapsed (t 2 - h = 3.00 s) the velocity (for this 
object in circular motion of period T ) is reversed; we infer that it takes three seconds to 
reach the opposite side of the circle. Thus, T= 2(3.00 s) = 6.00 s. 

(a) Using Eq. 4-35, r = vT/2%, where v = ^/(3.00 m/s) 2 +(4.00 m/s) 2 =5.00 m/s , we obtain 

r - 4.77 m . The magnitude of the objecfs centripetal acceleration is therefore a = vlr = 
5.24 m/s 2 . 

(b) The average acceleration is given by Eq. 4-15: 


a. 


avg 


v 2 -v x _ (-3.00i-4.00j)m/s-(3.00i + 4.00j)m/s 
t 2 -t x ~ 5.00s-2.00s 


= (-2.00 m/s 2 )Í+(-2.67 m/s 2 )] 


which implies | a. 


V(-2.00m/s 2 ) 2 + (-2.67m/s 2 ) 2 =3.33 m/s 2 . 


69. We use Eq. 4-15 first using velocities relative to the truck (subscript t) and then using 
velocities relative to the ground (subscript g). We work with SI units, so 
20km/h— >5.6m/s , 30km/h — >8.3 m/s, and 45 km/ h— > 12.5 m/s. We choose 

east as the + i direction. 

(a) The velocity of the cheetah (subscript c) at the end of the 2.0 s interval is (from Eq. 
4-44) 

v ct =v cg -v tg =(12.5 m/s) í-(-5.6 m/s) í = (18.1 m/s) í 

relative to the truck. Since the velocity of the cheetah relative to the truck at the 
beginning of the 2.0 s interval is (-8.3 m/s)i , the (average) acceleration vector relative to 
the cameraman (in the truck) is 


(18.1 m/s )i- (- 8.3 m/s)i 
2.0 s 


a av g = — = (13 m/s )i, 


or |ã avg |=13 m/s 2 . 


(b) The direction of a avg is +i , or eastward. 

(c) The velocity of the cheetah at the start of the 2.0 s interval is (from Eq. 4-44) 

= + v ag = (-8.3 m/s)i + (-5.6 m/s)i = (-13.9 m/s)i 


relative to the ground. The (average) acceleration vector relative to the crew member (on 
the ground) is 

(12.5m/s)i-(-13.9m/s)i_ n ^, 2 , ? |3 
2.0 s 


^ = : — : = (1 3 m/s 2 )i, |ã avg |= 1 3 m/s 2 


identical to the result of part (a). 


70. We use Eq. 4-44, noting that the upstream corresponds to the +i direction. 

(a) The subscript b is for the boat, w is for the water, and g is for the ground. 

v bg = v bw + v wg = (14 km/h) i + (-9 km/h) i = (5 km/h) i. 
Thus, the magnitude is | v bg |= 5 km/h. 

(b) The direction of v bg is +x, or upstream. 

(c) We use the subscript c for the child, and obtain 

v cg = v cb + v bg = (-6 km/ h) í + (5 km/ h) í = (-1 km/ h) í . 

The magnitude is | v cg |= 1 km/h. 

(d) The direction of v is -x, or downstream. 


71. While moving in the same direction as the sidewalk's motion (covering a distance d 
relative to the ground in time t x = 2.50 s), Eq. 4-44 leads to 

d_ 

^sidewalk v man running — ^ • 


While he runs back (taking time t 2 = 10.0 s) we have 

_d_ 

^sidewalk ^man running ^ 


Dividing these equations and solving for the desired ratio, we get -jT = T = 1-67. 


72. We denote the velocity of the player with v PF and 

the relative velocity between the player and the bali be 

v BP . Then the velocity v BF of the bali relative to the Vgp 

field is given by v BF = v PF + v BP . The smallest angle 

ô m i n corresponds to the case when v BF _L v PF . Hence, 


( 4.0 m/s 



v 


PF 


= 180°- 


cos 


V 


6.0 m/s 


J 


73. The velocity vectors (relative to the shore) for ships A and B are given by 

v A =- (v A cos 45°) í + (v A sin 45°) j 
v B =- (v 5 sin40°) í-(v 5 cos40°)j, 

with v A = 24 knots and v B = 28 knots. We take east as + i and north as j . 

(a) Their relative velocity is 

v AB = v A -v B = (v B sin 40° - v A cos 45°) i + (y B cos 40° + v A sin 45°) j 

the magnitude of which is | v AB |= V(l-03 knots) 2 + (38.4 knots) 2 - 38 knots. 

(b) The angle 0 which v AB makes with north is given by 


6- tan 


f \ 


V V AB,y ) 


- tan~ 


1.03 knots 
38.4 knots 


= 1.5° 


which is to say that v AB points 1.5° east of north. 

(c) Since they started at the same time, their relative velocity describes at what rate the 
distance between them is increasing. Because the rate is steady, we have 

I Ar ÂR I 160 . . , 

t = - — ^ = = 4.2 h. 

|v^| 38.4 


(d) The velocity v A B does not change with time in this problem, and r A B is in the same 
direction as v AB since they started at the same time. Reversing the points of view, we 
have v AB =-v BA so that r AB = -r BA (i.e., they are 180° opposite to each other). Hence, 
we conclude that B stays at a bearing of 1.5° west of south relative to A during the 
journey (neglecting the curvature of Earth). 


74. The destination is D = 800 km j where we orient axes so that +y points north and +x 
points east. This takes two hours, so the (constant) velocity of the plane (relative to the 

ground) is vj, g = (400 km/h) j . This must be the vector sum of the plane 's velocity with 
respect to the air which has (x,y) components (500cos70°, 500sin70°) and the velocity of 

the air (wind) relative to the ground v ag . Thus, 

(400 km/h) j = (500 km/h) cos70° i + (500 km/h) sin70° j + v ag 
which yields 

v ag =( -171 km/h)i -( 70.0 km/h)j . 


(a) The magnitude of v ag is | v ag |= ^/(-171 km/h) 2 +(-70.0 km/h) 2 =185 km/h. 

(b) The direction of v is 


0 = tan 1 


-70.0 km/h 
-171 km/h 


22.3° (south of west). 


75. Relative to the car the velocity of the snowflakes has a vertical component of 8.0 m/s 
and a horizontal component of 50 km/h = 13.9 m/s. The angle #from the vertical is found 
from 

v h 13.9 m/s 
tan 6> = — = = 1 .74 

v„ 8.0 m/s 


whichyields 0=60°. 


76. Velocities are taken to be constant; thus, the velocity of the plane relative to the 
ground is v PG = (55 km)/(l/4 hour) j= (220 km/h)j . In addition, 

v AG =(42 km/h)(cos20°í-sin20°j) = (39 km/h)í-(14 km/h)j. 
Using v PG =v PA + v AG , we have 

Vpa =v PG -v AG =-(39 km/h)í + (234 km/h)j. 
which implies | v PA |= 237 km/h , or 240 km/h (to two significant figures.) 


77. Since the raindrops fali vertically relative to the train, the horizontal component of the 
velocity of a raindrop is v/, = 30 m/s, the same as the speed of the train. If v v is the vertical 
component of the velocity and 0 is the angle between the direction of motion and the 
vertical, then tan 0 = Vhlv v . Thus v v = v/,/tan 0= (30 m/s)/tan 70° = 10.9 m/s. The speed of 
a raindrop is 


v = > /v 2 +v v 2 = V(30m/s) 2 +(10.9 m/s) 2 =32 m/s. 


78. This is a classic problem involving two-dimensional relative motion. We align our 
coordinates so that east corresponds to +x and north corresponds to +y. We write the 
vector addition equation as v gG = v BW + v WG . We have v WG = (2.0Z0 0 ) in the magnitude- 

angle notation (with the unit m/s understood), or v WG = 2.0i in unit-vector notation. We 
also have v BW = (8.0Z120 0 ) where we have been careful to phrase the angle in the 

'standard' way (measured counterclockwise from the +x axis), or v BW = (-4.0i+6.9j) m/s. 

(a) We can solve the vector addition equation for v BG \ 

v BG =v BW +v WG =(2.0m/s)í + (-4.0Í+6.9j)m/s = (-2.0 m/s)í + (6.9 m/s) j. 
Thus, we find |v 5G |= 7.2 m/s. 

(b) The direction of v BG is ^ = tan _1 [(6.9m/s)/(-2.0m/s)] = 106° (measured 
counterclockwise from the +x axis), or 16° west of north. 

(c) The velocity is constant, and we apply y -yo = v y t in a reference frame. Thus, in the 
ground reference frame, we have (200 m) = (7.2 m/s)sin(106°)í — > t = 29 s. Note: if a 

student obtains "28 s", then the student has probably neglected to take the y component 
properly (a common mistake). 


79. We denote the police and the motorist with subscripts p and m, respectively. The 
coordinate system is indicated in Fig. 4-49. 

(a) The velocity of the motorist with respect to the police car is 

v mp =v m -v p =(-60 km/h)j-(-80 km/h)í = (80 km/h) i- (60 km/h)j. 

(b) v mp does happen to be along the line of sight. Referring to Fig. 4-49, we find the 

vector pointing from one car to another is f = (800 m)i -(600 m) j (from M to P). Since 
the ratio of components in r is the same as in v , they must point the same direction. 

(c) No, they remain unchanged. 


80. We make use of Eq. 4-44 and Eq. 4-45. 

The velocity of Jeep P relative to A at the instant is 

v PA = (40.0 m/s)(cos60°í + sin60°j) = (20.0 m/s)í + (34.6 m/s)j. 

Similarly, the velocity of Jeep B relative to A at the instant is 

v BA = (20.0 m/s)(cos30 o i + sin30°j) = (17.3 m/s)í + (10.0 m/s)j. 

Thus, the velocity of P relative to B is 

v PB =v PA -v BA = (20.0Í + 34.6j) m/s-(17.3Í + 10.0j) m/s = (2.68 m/s)í + (24.6 m/s)j. 

(a) The magnitude of v PB is | v PB |= ^/(2.68 m/s) 2 +(24.6 m/s) 2 = 24 . 8 m/s . 

(b) The direction of v PB is ^ = tan _1 [(24.6m/s)/(2.68 m/s)] = 83.8° north of east (or 6.2° 
east of north). 

(c) The acceleration of P is 

ã PA = (0.400 m/s 2 )(cos60.0°í + sin 60.0° ]) = (0.200 m/s 2 )í + (0.346 m/s 2 )], 
and a PA = ã PB . Thus, we have | a PB |= 0.400 m/s 2 . 

(d) The direction is 60.0° north of east (or 30.0° east of north). 


8 1 . Here, the subscript W refers to the water. Our coordinates are chosen with +x being 
east and +y being north. In these terms, the angle specifying east would be 0 o and the 
angle specifying south would be -90° or 270°. Where the length unit is not displayed, km 
is to be understood. 

(a) We have v AW = v AB +v BW ,so that 

v AB = (22 Z - 90°) - (40 Z 37°) = (56 Z - 125°) 

in the magnitude-angle notation (conveniently done with a vector-capable calculator in 
polar mode). Converting to rectangular components, we obtain 

v A B = (-32km/h) í - (46 km/h) j . 

Of course, this could have been done in unit-vector notation from the outset. 

(b) Since the velocity-components are constant, integrating them to obtain the position is 
straightforward (r - r 0 = j v dt) 

f = (2.5-32í) í + (4.0- 46í) J 
with lengths in kilometers and time in hours. 

(c) The magnitude of this f is r = ^(2.5-32t) 2 +(4.0-460 2 • We minimize this by 
taking a derivative and requiring it to equal zero — which leaves us with an equation for t 

dr _ 1 6286f -528 _ Q 

dt 2 ^(2.5-320'+ (4.0 -460 2 

which yields t = 0.084 h. 

(d) Plugging this value of t back into the expression for the distance between the ships (r), 
we obtain r = 0.2 km. Of course, the calculator offers more digits (r = 0.225...), but they 
are not significant; in fact, the uncertainties implicit in the given data, here, should make 
the ship captains worry. 


north 


82. We construct a right triangle starting from the clearing on the 
south bank, drawing a line (200 m long) due north (upward in our 
sketch) across the river, and then a line due west (upstream, leftward 
in our sketch) along the north bank for a distance (82 m)t(l.lm/s)í, 
where the í-dependent contribution is the distance that the river will 
carry the boat downstream during time t. 


8 


The hypotenuse of this right triangle (the arrow in our sketch) also south 
depends on t and on the boafs speed (relative to the water), and we set it equal to the 
Pythagorean "sum" of the triangle 's sides: 


(4.0)f = J200 2 + (82 + Ut) 


which leads to a quadratic equation for t 

46724 + 180.4í - 14.8í 2 = 0. 


We solve this and find a positive value: t = 62.6 s. 

The angle between the northward (200 m) leg of the triangle and the hypotenuse (which 
is measured "west of north") is then given by 


O = tan 


'82 + 1.1^ 
200 , 


tan 


'15T 
200, 


37°. 


83. Using displacement = velocity x time (for each constant-velocity part of the trip), 
along with the fact that 1 hour = 60 minutes, we have the following vector addition 
exercise (using notation appropriate to many vector capable calculators): 

(1667 m Z 0 o ) + (1333 m Z -90°) + (333 m Z 180°) + (833 m Z -90°) + (667 m Z 180°) 
+ (417 m Z -90°) = (2668 m Z -76°). 

(a) Thus, the magnitude of the net displacement is 2.7 km. 

(b) Its direction is 76° clockwise (relative to the initial direction of motion). 


84. We compute the coordinate pairs (x, y) from x = (v 0 cosô)t and y = v 0 sin 6t - \gt 2 
for t = 20 s and the speeds and angles given in the problem. 

(a) We obtain 

(x A , y Á ) = (10.1 km, 0.56 km) (x B , y B ) = (12.1 km, 1.51 km) 

(x c , y c ) = (14.3 km, 2.68 km) (x D , y D ) = (16.4 km, 3.99 km) 

and (x £ , y E ) = (18.5 km, 5.53 km) which we plot in the next part. 

(b) The vertical (y) and horizontal (x) axes are in kilometers. The graph does not start at 
the origin. The curve to "fit" the data is not shown, but is easily imagined (forming the 
"curtain of death"). 

5t 
4 1 . 
3r 
2- 
l-_ 


10 12 14 16 18 


85. Let v 0 = 271(0.200 m)/(0.00500 s) - 251 m/s (using Eq. 4-35) be the speed it had in 
circular motion and 0 O = (1 hr)(360712 hr [for full rotation]) = 30.0°. Then Eq. 4-25 leads 
to 

^rr, , ™ rttl (9.8 m/s 2 )(2.50 m) 2 

v = (2.50 m)tan30.0° £ í_«l.44 m 

2(251 m/s) 2 (cos 30.0 o ) 2 


which means its height above the floor is 1 .44 m + 1 .20 m = 2.64 m. 


86. For circular motion, we must have v with direction perpendicular to r and (since 
the speed is constant) magnitude v = 2nr I T where r = ^(2.00 m) 2 +(-3.00 m) 2 and 

T = 7.00 s . The r (given in the problem statement) specifies a point in the fourth 

quadrant, and since the motion is clockwise then the velocity must have both components 
negative. Our result, satisfying these three conditions, (using unit-vector notation which 
makes it easy to double-check that r ■ v = 0 ) for v = (-2.69 m/s)i + (-1 .80 m/s)j . 


87. Using Eq. 2-16, we obtain v 2 = v 2 -2gh ,orh = (v 2 -v 2 )/2g. 


(a) Since v = 0at the maximum height of an upward motion, with v 0 = 7.00 m/s , we 
have/z = (7.00 m/s) 2 / 2(9. 80 m/s 2 ) = 2.50 m. 

(b) The relative speed is v r = v 0 - v c = 7.00 m/s -3.00 m/s = 4.00 m/s with respect to the 
floor. Using the above equation we obtain h = (4.00 m/s) 2 / 2(9.80 m/s 2 ) = 0.82 m. 

(c) The acceleration, or the rate of change of speed of the bali with respect to the ground 
is 9.80 m/s 2 (downward). 

(d) Since the elevator cab moves at constant velocity, the rate of change of speed of the 
bali with respect to the cab floor is also 9.80 m/s 2 (downward). 


88. Relative to the sled, the launch velocity is v ore / = v ox i + v oy j . Since the slecTs 
motion is in the negative direction with speed v s (note that we are treating v s as a positive 
number, so the sled's velocity is actually -v s i ), then the launch velocity relative to the 

ground is v 0 = (v ox - v s ) i + v oy j . The horizontal and vertical displacement (relative to 
the ground) are therefore 

•Xland — ^launch = A*bg = (v ox — V s ) íflight 

1 2 
JW - Jlaunch = 0 = V oy íflight + 2 ( _ g)(/flight) • 

Combining these equations leads to 

2 Vox Voy ( 2Voy^ 

Ax bg = g ~[ g )v s . 

The first term corresponds to the "y intercept" on the graph, and the second term (in 
parentheses) corresponds to the magnitude of the "slope." From Figure 4-54, we have 

Ax fcg =40-4v s . 

This implies v oy = (4.0 s)(9.8 m/s )/2 = 19.6 m/s, and that furnishes enough information to 
determine v ox . 

(a) v ox = 40g/2v oy = (40 m)(9.8 m/s 2 )/(39.2 m/s) = 10 m/s. 

(b) As noted above, v oy = 19.6 m/s. 

(c) Relative to the sled, the displacement Axt, s does not depend on the sled's speed, so 
Ax bs = v ox ífught = 40 m. 

(d) As in (c), relative to the sled, the displacement Axt, s does not depend on the sled's 
speed, and Axt, s = v ox í fligh t = 40 m. 


89. We establish coordinates with i pointing to the far side of the river (perpendicular to 
the current) and j pointing in the direction of the current. We are told that the magnitude 
(presumed constant) of the velocity of the boat relative to the water is | v bw \ = 6.4 km/h. 
Its angle, relative to the x axis is 0. With km and h as the understood units, the velocity 
of the water (relative to the ground) is v wg = (3.2 km/h)j. 

(a) To reach a point "directly opposite" means that the velocity of her boat relative to 
ground must be v hg = v hg i where Vb g > 0 is unknown. Thus, ali j components must cancel 

in the vector sum v hw + v wg = v bg , which means the v hw sin 0= (-3.2 km/h) j , so 

0= sin -1 [(-3.2 km/h)/(6.4 km/h)] = -30°. 

(b) Using the result from part (a), we find Vb g = Vb w cos0= 5.5 km/h. Thus, traveling a 
distance of t = 6.4 km requires a time of (6.4 km)/(5.5 km/h) = 1.15 h or 69 min. 

(c) If her motion is completely along the y axis (as the problem implies) then with v wg = 
3.2 km/h (the water speed) we have 

= x + = 1-33 h 

V, + V v, — V 

bw wg bw wg 

where D = 3.2 km. This is equivalent to 80 min. 

(d) Since 

DD DD 

+ = + 


v, +v v, —v v, —v V, + V 

bw wg bw wg bw wg bw wg 

the answer is the same as in the previous part, i.e., í total = 80 min . 

(e) The shortest-time path should have 0 = 0°. This can also be shown by noting that the 
case of general #leads to 

v bg = v hw + v wg = v hw cos0 i + (v 6w sin 0 + v wg ) j 

where the x component of v, must equal l/t. Thus, 


v iw cos0 


which can be minimized using dtld0= 0. 

(f) The above expression leads to t = (6.4 km)/(6.4 km/h) = 1.0 h, or 60 min. 


90. We use a coordinate system with +x eastward and +y upward. 


(a) We note that 123° is the angle between the initial position and later position vectors, 
so that the angle from +x to the later position vector is 40° + 123° = 163°. In unit-vector 
notation, the position vectors are 

r x = (360 m)cos(40°)í + (360 m)sin(40°) j = (276 m)í + (231 m) ] 

r 2 = (790 m) cos(163°)í +(790 m) sin(163°)j = (-755 m)í + (231 m)j 

respectively. Consequently, we plug into Eq. 4-3 

Ar = [(-755 m) - (276 m)]í + (231 m - 231 m)j =-(1031 m) í. 

The magnitude of the displacement Ar is | Ar | = 1 03 1 m. 


(b) The direction of Ar is -i , or westward. 


91. We adopt the positive direction choices used in the textbook so that equations such as 
Eq. 4-22 are directly applicable. 

(a) With the origin at the firing point, the y coordinate of the bullet is given by 
y = -jgt 2 . If t is the time of flight and y = - 0.019 m indicates where the bullet hits the 
target, then 


(b) The muzzle velocity is the initial (horizontal) velocity of the bullet. Since x = 30 m is 
the horizontal position of the target, we have x = v 0 t. Thus, 



x 


30 m 


4.8 x IO 2 m/s. 


t 6.3xl0~ 2 s 


92. Eq. 4-34 describes an inverse proportionality between r and a, so that a large 
acceleration results from a small radius. Thus, an upper limit for a corresponds to a lower 
limit for r. 

(a) The minimum turning radius of the train is given by 

v 2 (216 km/ h) 


2 

3 


= 7.3xlO J m. 


mn a imx (0.050)(9.8m/s 2 ) 
(b) The speed of the train must be reduced to no more than 

v = T^W 7 = ^0.050(9.8 m/s 2 )(l. 00 x IO 3 m) = 22 m/s 


which is roughly 80 km/h. 


93. (a) With r = 0.15 m and a = 3.0 x 10 14 m/s 2 , Eq. 4-34 gives 

v = Vra =6.7xl0 6 m/s. 
(b) The period is given by Eq. 4-35: 

T = — = 1.4xl0" 7 s. 
v 


94. We use Eq. 4-2 and Eq. 4-3. 

(a) With the initial position vector as r x and the later vector as r 2 , Eq. 4-3 yields 

Ar = [( - 2.0 m) - 5.0 m] í + [(6.0 m) - ( - 6.0 m)]j + (2.0 m- 2.0 m) k = (-7.0 m) í + (12 m) j 
for the displacement vector in unit-vector notation. 

(b) Since there is no z component (that is, the coefficient of k is zero), the displacement 
vector is in the xy plane. 


95. We write our magnitude-angle results in the form (R Z 0) with SI units for the 
magnitude understood (m for distances, m/s for speeds, m/s for accelerations). Ali angles 
9 are measured counterclockwise from +x, but we will occasionally refer to angles (j) 
which are measured counterclockwise from the vertical line between the circle-center and 
the coordinate origin and the line drawn from the circle-center to the particle location (see 
r in the figure). We note that the speed of the particle is v = ImlT where r = 3.00 m and T 
= 20.0 s; thus, v = 0.942 m/s. The particle is moving counterclockwise in Fig. 4-56. 

(a) At t = 5.0 s, the particle has traveled a fraction of 

t _ 5.00 s _ 1 
r~20.0s~4 

of a full revolution around the circle (starting at the origin). Thus, relative to the circle- 
center, the particle is at 

^ = ^-(360°) = 90° 

measured from vertical (as explained above). Referring to Fig. 4-56, we see that this 
position (which is the "3 o'clock" position on the circle) corresponds to x = 3.0 m and = 
3.0 m relative to the coordinate origin. In our magnitude-angle notation, this is expressed 
as (RZ0) - (4.2Z45°) . Although this position is easy to analyze without resorting to 

trigonometric relations, it is useful (for the computations below) to note that these values 
of x and y relative to coordinate origin can be gotten from the angle (f> from the relations 

x = rsin0, y = r -rzo%(f> . 

Of course, R = tJx 2 +y 2 and 6 comes from choosing the appropriate possibility from 
tan -1 (y/x) (or by using particular functions of vector-capable calculators). 

(b) At t = 7.5 s, the particle has traveled a fraction of 7.5/20 = 3/8 of a revolution around 
the circle (starting at the origin). Relative to the circle-center, the particle is therefore at </> 
= 3/8 (360°) = 135° measured from vertical in the manner discussed above. Referring to 
Fig. 4-56, we compute that this position corresponds to 

x = (3.00m)sin 135° = 2.1 m 

y = (3.0 m) - (3.0 m)cos 135° = 5.1 m 

relative to the coordinate origin. In our magnitude-angle notation, this is expressed as (R 
Z 0) = (5.5 Z 68°). 


(c) At t = 10.0 s, the particle has traveled a fraction of 10/20 = 1/2 of a revolution around 
the circle. Relative to the circle-center, the particle is at <f>= 180° measured from vertical 
(see explanation, above). Referring to Fig. 4-56, we see that this position corresponds to x 
= 0 and y = 6.0 m relative to the coordinate origin. In our magnitude-angle notation, this 
is expressedas (i?Z6>) = (6.0Z90°). 

(d) We subtract the position vector in part (a) from the position vector in part (c): 

(6.0Z90°)-(4.2Z45°) = (4.2Z135°) 

using magnitude-angle notation (convenient when using vector-capable calculators). If 
we wish instead to use unit-vector notation, we write 

AR = (0-3.0 m) í + (6.0 m-3.0 m)j = (-3.0 m)í + (3.0 m)j 
which leads to | M |= 4.2 m and 0= 135°. 

(e) From Eq. 4-8, we have v avg =AR/ At . WithÁí = 5.0 s , we have 

v avg = (-0.60 m/s) í + (0.60 m/s) j 

in unit-vector notation or (0.85 Z 135°) in magnitude-angle notation. 

(f) The speed has already been noted (v = 0.94 m/s), but its direction is best seen by 
referring again to Fig. 4-56. The velocity vector is tangent to the circle at its "3 o'clock 
position" (see part (a)), which means v is vertical. Thus, our result is (0.94 Z 90°) . 

(g) Again, the speed has been noted above (v = 0.94 m/s), but its direction is best seen by 
referring to Fig. 4-56. The velocity vector is tangent to the circle at its "12 o'clock 
position" (see part (c)), which means v is horizontal. Thus, our result is (0.94 Z 180°) . 

2 2 

(h) The acceleration has magnitude a = vlr = 0.30 m/s , and at this instant (see part (a)) it 
is horizontal (towards the center of the circle). Thus, our result is (0.30 Z 180°) . 

2 2 

(i) Again, a = v Ir = 0.30 m/s , but at this instant (see part (c)) it is vertical (towards the 
center of the circle). Thus, our result is (0.30 Z 270°) . 


96. Noting that v 2 = 0 , then, using Eq. 4-15, the average acceleration is 

Ay 0 -Í6.30Í- 8.42 j) m/s „ 
a avg = - = — ^ = (-2. 1 i + 2.8 j) m/s 2 


97. (a) The magnitude of the displacement vector Ar is given by 


Thus, 


| Ar | = ^(21.5 km) 2 + (9.7 km) 2 + (2.88 km) 2 = 23.8 km. 
I Ar I 23.8 km 


|Vavgl At 3.50 h 


= 6.79 km/h. 


(b) The angle 6 in question is given by 


# = tan 


2.88 km 


V(21.5km) 2 + (9.7km) 2 


= 6.96 c 


98. The initial velocity has magnitude vo and because it is horizontal, it is equal to v x the 
horizontal component of velocity at impact. Thus, the speed at impact is 

V v o +v í =3v o 

where v v = sjlgh and we have used Eq. 2-16 with Ax replaced with h = 20 m. Squaring 
both sides of the first equality and substituting from the second, we find 

v 2 0 +2gh = (3v 0 ) 2 

which leads to gh = Av\ and therefore to v 0 = -^/(9.8 m/s 2 )(20 m) 12 = 7.0 m/s. 


99. We choose horizontal x and vertical y axes such that both components of v 0 are 
positive. Positive angles are counterclockwise from +x and negative angles are clockwise 
from it. In unit-vector notation, the velocity at each instant during the projectile motion is 

v = v 0 cos 0 O i + (v 0 sin 0 O - gt) j. 

(a) With v 0 = 30 m/s and 6> 0 = 60°, we obtain v = (15Í+6.4j) m/s, for t = 2.0 s. The 
magnitude of v is | v |= -7(15 m/s) 2 + (6.4 m/s) 2 = 16 m/s. 

(b) The direction of v is 

ô = tan _1 [(6.4 m/s)/(15 m/s)] = 23°, 
measured counterclockwise from +x. 

(c) Since the angle is positive, it is above the horizontal. 

(d) With t= 5.0 s, we find v = (15 i — 23 j) m/s, which yields 

|v|=7(15m/s) 2 +(-23m/s) 2 =27 m/s. 

(e) The direction of vis ^ = tan _1 [(-23m/s)/(15m/s)] = -57° , or 57° measured 
clockwise from +x. 

(f) Since the angle is negative, it is below the horizontal. 


100. The velocity of Larry is vi and that of Curly is V2. Also, we denote the length of the 
corridor by L. Now, Larry 's time of passage is íi = 150 s (which must equal Llv\), and 
Curly's time of passage is h = 70 s (which must equal Llvi). The time Moe takes is 
therefore 

L 1 1 


101. We adopt the positive direction choices used in the textbook so that equations such 
as Eq. 4-22 are directly applicable. The coordinate origin is at the initial position for the 
football as it begins projectile motion in the sense of §4-5), and we let # 0 be the angle of 
its initial velocity measured from the +x axis. 

(a) x = 46 m and y = -1.5 m are the coordinates for the landing point; it lands at time t = 
4.5 s. Sincex = v 0x t, 

x 46 m 

v n = — = = 10.2m/s. 

0x t 4.5 s 

Since y = v 0y t- \gt 2 , 

y + \gt 2 (-1.5m) + i(9.8m/s 2 )(4.5s) 2 

v 0 = * = * = 21.7 m/s. 

0y t 4.5 s 

The magnitude of the initial velocity is 

v 0 = ^v 0 2 x +v 2 0y = 7(10.2 m/s) 2 + (21.7 m/s) 2 =24 m/s. 

(b) The initial angle satisfies tan 0 0 = v 0y /vo x . Thus, 6q = tan~ [(21.7 m/s)/(10.2 m/s) ]= 
65°. 


102. We assume the ball's initial velocity is perpendicular to the plane of the net. We 
choose coordinates so that (x 0 , yo) = (0, 3.0) m, and v x > 0 (note that v 0y = 0). 

(a) To (barely) clear the net, we have 

y -y o = Voy t-}-gt 2 2.24 m-3.0m = 0-^(9.8m/s 2 )í 2 

which gives t = 0.39 s for the time it is passing over the net. This is plugged into the x- 
equation to yield the (minimum) initial velocity v x = (8.0 m)/(0.39 s) = 20.3 m/s. 

(b) We require y = 0 and find t from y - y 0 = v 0v t - \gt 2 . This value 

(t = ^2(3.0 m)/(9.8m/s 2 ) =0.78s) is plugged into the x-equation to yield the 
(maximum) initial velocity v x = (17.0 m)/(0.78 s) = 21.7 m/s. 


103. (a) With Ax = 8.0 m, t = At u a = a x , and v ox = 0, Eq. 2-15 gives 

8.0m = |a x (Aí 1 ) 2 , 
and the corresponding expression for motion along the y axis leads to 

1 7 

Ay = 12 m = 2%(Aíi) . 
Dividing the second expression by the first leads to a / a x = 3 12 = 1.5. 


(b) Letting t = 2At u then Eq. 2-15 leads to Ax = (8.0 m)(2) 2 = 32 m, which implies that its 
x coordinate is now (4.0 + 32) m = 36 m. Similarly, Ay = (12 m)(2) 2 = 48 m, which 
means its y coordinate has become (6.0 + 48) m = 54 m. 


104. We apply Eq. 4-34 to solve for speed v and Eq. 4-35 to find the period T. 

(a) We obtain 

v = = ^(5.0 m)(7.0)(9.8 m / s 2 ) = 1 9 m / s. 

(b) The time to go around once (the period) is T= 2wlv = 1.7 s. Therefore, in one minute 
(t = 60 s), the astronaut executes 

1 = ^1 = 35 
T 1.7 s 

revolutions. Thus, 35 rev/min is needed to produce a centripetal acceleration of 7g when 
the radius is 5.0 m. 


(c) As noted above, T= 1.7 s. 


105. The radius of Earth may be found in Appendix C. 

(a) The speed of an object at Earth's equator is v = InRIT, where R is the radius of Earth 
(6.37 x IO 6 m) and Tis the length of a day (8.64 x IO 4 s): 

v = 2^(6.37 x IO 6 m)/(8.64 x 10 4 s) = 463 m/s. 

The magnitude of the acceleration is given by 


(b) If T is the period, then v = InRIT is the speed and the magnitude of the acceleration is 


_ v 2 _ (463 m/s) 2 
a ~ R ~ 6.37 x IO 6 m 


= 0.034 m/s 2 . 


v 2 (InRIT) 1 

a = — = 

R R 


4x 2 R 


Thus, 



106. When the escalator is stalled the speed of the person isv p =£/t, where £ is the 

length of the escalator and t is the time the person takes to walk up it. This is v p = (15 
m)/(90 s) = 0.167 m/s. The escalator moves at v e = (15 m)/(60 s) = 0.250 m/s. The speed 
of the person walking up the moving escalator is 

v = v p + v e = 0.167 m/s + 0.250 m/s = 0.417 m/s 

and the time taken to move the length of the escalator is 

f = */v = (15m)/(0.417m/s) = 36 s. 

If the various times given are independent of the escalator length, then the answer does 
not depend on that length either. In terms of £ (in meters) the speed (in meters per 
second) of the person walking on the stalled escalator is £/90, the speed of the moving 
escalator is £/60 , and the speed of the person walking on the moving escalator is 
v = (^/90) + (^/60) = 0.0278^ . The time taken is t = £/v = ^/0.0278£ = 36s and is 
independent of £ . 


107. (a) Eq. 2-15 can be applied to the vertical (y axis) motion related to reaching the 
maximum height (when t = 3.0 s and v y = 0): 

1 2 

JW-yO = Vyt-^gt ■ 

1 2 

With ground levei chosen so _yo = 0, this equation gives the resulty max = ^ g(3.0 s) = 44 m. 

(b) After the moment it reached maximum height, it is falling; at t = 2.5 s, it will have 
fallen an amount given by Eq. 2-18: 

1 2 

Jfence-JW = (0)(2.5 Sj-^g^S) 

which leads to jWe = 13 m. 

(c) Either the range formula, Eq. 4-26, can be used or one can note that after passing the 
fence, it will strike the ground in 0.5 s (so that the total "fall-time" equals the "rise-time"). 
Since the horizontal component of velocity in a projectile-motion problem is constant 
(neglecting air friction), we find the original x-component from 97.5 m = v 0x (5.5 s) and 
then apply it to that final 0.5 s. Thus, we find v 0x = 17.7 m/s and that after the fence 


Ax = (17.7 m/s)(0.5 s) = 8.9 m. 


108. Withg s = 9.8128 m/s 2 and g M = 9.7999 m/s 2 , we apply Eq. 4-26: 


_ v 0 2 sin26> 0 v 0 2 sin26> 0 _ v 0 2 sin26> 0 

K M ~ K B ~ 


g 


which becomes 


u 


R M - R B~ R B 


9.8128 m/s 
9.7999 m/s 2 


Sb 

\ 

1 

) 


( 

g B 


and yields (upon substituting R B = 8.09 m) R M -Rb = 0.01 m = 1 cm. 


109. We make use of Eq. 4-25. 

(a) By rearranging Eq. 4-25, we obtain the initial speed: 

x í g 
v 0 = 

cos<9 0 y 2(xtan<9 0 - y) 

which yields v 0 = 255.5 - 2.6 x IO 2 m/s for x = 9400 m,y = -3300 m, and 0 O = 35°. 

(b) From Eq. 4-21, we obtain the time of flight: 

x 9400 m 

t = = = 45 s. 

v 0 cos# 0 (255.5 m/s) cos 35° 

(c) We expect the air to provide resistance but no appreciable lift to the rock, so we 
would need a greater launching speed to reach the same target. 


110. When moving in the same direction as the jet stream (of speed v s ), the time is 

d 

?1 "v ja + v s ' 

where d = 4000 km is the distance and vj a is the speed of the jet relative to the air (1000 
km/h). When moving against the jet stream, the time is 

d 

h = , 

V Ja " V s 

70 

where t 2 - ti = h . Combining these equations and using the quadratic formula to solve 
gives v s = 143 km/h. 


111. Since the x and y components of the acceleration are constants, we can use Table 2-1 
for the motion along both axes. This can be handled individually (for Ax and Ay) or 
together with the unit-vector notation (for Ar). Where units are not shown, SI units are to 
be understood. 

(a) Since r 0 = 0 , the position vector of the particle is (adapting Eq. 2-15) 


Therefore, we find when x = 29 m, by solving 2.0t = 29, which leads to t = 3.8 s. The y 
coordinate at that time isy = (8.0 m/s)(3.8 s) + (1.0 m/s 2 )(3.8 s) 2 = 45 m. 

(b) Adapting Eq. 2-11, the velocity of the particle is given by 


_ _ 1 - 2 

r=vJ-\ — at = 
0 2 


(8.0 fjt + -(4.0Í + 2.0 j)/ 2 = (2.0í 2 )í + (S.Ot + \.0t 2 ) ]. 


v = v„ + at. 


Thus, at t = 3.8 s, the velocity is 


v = (8.0 m/s) j + ((4.0 m/s 2 )í + (2.0 m/s 2 ) j)(3.8 s) = (15.2 m/s)í + ( 15.6 m/s) j 


which has a magnitude of 



1 12. We make use of Eq. 4-34 and Eq. 4-35. 

(a) The track radius is given by 

v 2 (9.2 m/s) 2 

r = — = = 22 m . 

a 3.8 m/s 2 

(b) The period of the circular motion is T= 27t(22 m)/(9.2 m/s) = 15 s. 


113. Since this problem involves constant downward acceleration of magnitude a, similar 
to the projectile motion situation, we use the equations of §4-6 as long as we substitute a 
for g. We adopt the positive direction choices used in the textbook so that equations such 
as Eq. 4-22 are directly applicable. The initial velocity is horizontal so that v 0y = 0 and 


v 0l = v 0 =1.00x10* cm/s. 

(a) If t is the length of a plate and t is the time an electron is between the plates, then 
£ = v 0 t , where v 0 is the initial speed. Thus 

£ 2.00cm AA _n 

t = — = =2.00x10 s. 

v 0 1.00 x 1 0 9 cm/s 

(b) The vertical displacement of the electron is 

y =-^at 2 =~ (l.00xl0 17 cm/s 2 )(2.00xl0" 9 s) 2 =-0.20cm =-2.00 mm, 
or | y | = 2.00 mm. 

(c) The x component of velocity does not change: v x = v 0 = 1.00 x IO 9 cm/s = 1.00 x IO 7 
m/s. 

(d) The y component of the velocity is 

v v = a y t= (l.00xl0 17 cm/s 2 )(2.00xl0- 9 s) = 2.00 x IO 8 cm/s = 2.00 x 10 6 m/s. 


1 14. We neglect air resistance, which justifies setting a = -g = -9.8 m/s 2 (taking down as 
the -y direction) for the duration of the motion of the shot bali. We are allowed to use 
Table 2-1 (with Ay replacing Áx) because the bali has constant acceleration motion. We 
use primed variables (except t) with the constant-velocity elevator (so v' = 10 m/s), and 
unprimed variables with the bali (with initial velocity v 0 = v'+20 = 30 m/s , relative to the 
ground). SI units are used throughout. 

(a) Taking the time to be zero at the instant the bali is shot, we compute its maximum 
height y (relative to the ground) with v 2 = v\ -2g(y- y 0 ) , where the highest point is 
characterized by v = 0. Thus, 

y= J 0 +^ L = 76m 

where y Q = _)/+2 = 30 m (where y' Q =28 m is given in the problem) and v 0 = 30 m/s 
relative to the ground as noted above. 

(b) There are a variety of approaches to this question. One is to continue working in the 
frame of reference adopted in part (a) (which treats the ground as motionless and "fixes" 
the coordinate origin to it); in this case, one describes the elevator motion with 
y ' = y' 0 +v't and the bali motion with Eq. 2-15, and solves them for the case where they 

reach the same point at the same time. Another is to work in the frame of reference of the 
elevator (the boy in the elevator might be oblivious to the fact the elevator is moving 
since it isn't accelerating), which is what we show here in detail: 

^y e = v 0 t--gt => * = — 

2 g 

where v 0e = 20 m/s is the initial velocity of the bali relative to the elevator and Áy e = 
-2.0 m is the balfs displacement relative to the floor of the elevator. The positive root is 
chosen to yield a positive value for t; the result is t = 4.2 s. 


115.(a)With v = c/10 = 3xl0 7 m/s and a = 20g = 196 m/s 2 , Eq. 4-34 gives 

r = v 2 /a = 4.6xl0 12 m. 

(b) The period is given by Eq. 4-35: T = 2nr Iv = 9.6xl0 5 s. Thus, the time to make a 
quarter-turn is 774 = 2.4 x IO 5 s or about 2.8 days. 


116. Using the same coordinate system assumed in Eq. 4-25, we rearrange that equation 
to solve for the initial speed: 


v. - -í- ' S - 


cos 0q \2 (x tan 0 O - y) 


which yields v 0 = 23 ft/s for g = 32 ft/s 2 , jc = 13 ft, y = 3 ft and 6> 0 = 55° 


117. The (box)car has velocity v cg =v l i relative to the ground, and the bullet has 
velocity 

V()b g = V 2 C0S & í + V 2 0 J 

relative to the ground before entering the car (we are neglecting the effects of gravity on 
the bullet). While in the car, its velocity relative to the outside ground is 

v hg = 0.8v 2 cos# i + 0.8v 2 sin#j (due to the 20% reduction mentioned in the problem). The 

problem indicates that the velocity of the bullet in the car relative to the car is (with V3 

unspecified) v h c = v 3 j . Now, Eq. 4-44 provides the condition 


V, = V, + V 

b g b c c 


0.8v 2 cos# i + 0.8v 2 sin# j = v 3 j + Vj i 


so that equating x components allows us to find 6. If one wished to find v 3 one could also 
equate the y components, and from this, if the car width were given, one could find the 
time spent by the bullet in the car, but this information is not asked for (which is why the 
width is irrelevant). Therefore, examining thex components in SI units leads to 


0 - cos 







= cos 1 




85 km/h( 


1000 m/km \\ 
3600 s/h / 


0.8 (650 m/s) 


which yields 87° for the direction of v bg (measured from i, which is the direction of 

motion of the car). The problem asks, "from what direction was it fired?" — which 
means the answer is not 87° but rather its supplement 93° (measured from the direction of 
motion). Stating this more carefully, in the coordinate system we have adopted in our 
solution, the bullet velocity vector is in the first quadrant, at 87° measured 
counterclockwise from the +x direction (the direction of train motion), which means that 
the direction from which the bullet carne (where the sniper is) is in the third quadrant, at 
-93° (that is, 93° measured clockwise from +x). 


118. Since v 2 y = v 0y -2gAy , and v y =0 at the target, we obtain 

v 0y = ^2 (9.80 m/s 2 ) (5.00 m) = 9.90 m/s 

(a) Since v 0 sin ô 0 = v 0y , with vo = 12.0 m/s, we find do = 55.6°. 

(b) Now, v y = v 0y - gt gives t = (9.90 m/s)/(9.80 m/s 2 ) = 1.01 s. Thus, Ax = (v 0 cos 6b)í = 
6.85 m. 

(c) The velocity at the target has only the v x component, which is equal to v 0x = v 0 cos 6o 
= 6.78 m/s. 


119. From the figure, the three displacements can be written as 

d x = d x (cos ^í + sin^j) = (5.00 m)(cos30°í + sin30°j) = (4.33 m)í + (2.50 m)j 

d 2 = J 2 [cos(l 80° + 0 X - 0 2 )l + sin(l 80° + 0 l - 0 2 )}] = (8.00 m)(cos 1 60°í + sin 1 60° ]) 
= (-7.52 m)í + (2.74 m)j 

d, =í/ 3 [cos(360 o -6> 3 -0 2 +^)í + sin(360°-^ -0 2 +^)j] = (12.0 m)(cos260 o í + sin260°j) 
= (-2.08m)í-(11.8m)j 

where the angles are measured from the +x axis. The net displacement is 

d = d x +d 2 J td 7i =(-5.27 m)i-(6.58 m)j. 

(a) The magnitude of the net displacement is 

| J|=^(-5.27 m) 2 +(-6.58 m) 2 =8.43 m. 

(b) The direction of d is 


6> = tan 1 


= tan 


-6.58 m 
-5.27 m 


= 51.3° or 231°. 


We choose 23 I o (measured counterclockwise from +x) since the desired angle is in the 
third quadrant. An equivalent answer is - 1 29° (measured clockwise from +x). 


120. With v 0 = 30.0 m/s and R = 20.0 m, Eq. 4-26 gives 

sin2# 0 = ^ = 0.218. 

Because sin (f>= sin (180° - (f>), there are two roots of the above equation: 

26> 0 =sirT 1 (0.218)= 12.58° and 167.4°. 

which correspond to the two possible launch angles that will hit the target (in the absence 
of air friction and related effects). 

(a) The smallest angle is 6q = 6.29°. 

(b) The greatest angle is and 6q = 83.7°. 

An alternative approach to this problem in terms of Eq. 4-25 (with y = 0 and l/cos = 1 + 
tan 2 ) is possible — and leads to a quadratic equation for tan$j with the roots providing 
these two possible 6$ values. 


121. On the one hand, we could perform the vector addition of the displacements with a 
vector-capable calculator in polar mode ((75 Z 37°) + (65 Z - 90°) = (63 Z - 18°)), 
but in keeping with Eq. 3-5 and Eq. 3-6 we will show the details in unit-vector notation. 
We use a 'standard' coordinate system with +x East and +y North. Lengths are in 
kilometers and times are in hours. 

(a) We perform the vector addition of individual displacements to find the net 
displacement of the camel. 

Ar l = (75 km)cos(37°)í + (75 km) sin(37°) j 
Ar 2 =(-65 km)j 
Ar -Ar[ + Ar 2 = (60 km) í - (20 km)j . 

If it is desired to express this in magnitude-angle notation, then this is equivalent to a 
vector of length | Ar |= J(60 km) 2 +(-20 km) 2 = 63 km . 

(b) The direction of Ar is 0 = tan _1 [(-2O km)/(60 km)] = -18°,or 1 8 o south of east. 

(c) We use the result from part (a) in Eq. 4-8 along with the fact that At = 90 h. In unit 
vector notation, we obtain 


(60i -20j) km 
90 h 


^ vg = ^ = (0.67 i - 0.22 j) km/h. 


This leads to |v„„„ I = 0.70 km/h. 

i avg i 


(d) The direction of v avg is 0 = tan _1 [(-0.22 km/h)/(0.67 km/h)] = -1 8 o , or 18°south 
of east. 

(e) The average speed is distinguished from the magnitude of average velocity in that it 
depends on the total distance as opposed to the net displacement. Since the camel traveis 
140 km, we obtain (140 km)/(90 h) = 1.56 km/h «1.6 km/h . 

(f) The net displacement is required to be the 90 km East from A to B. The displacement 
from the resting place to B is denoted Ar 3 . Thus, we must have 

Ar l + Ar 2 + Ar 3 = (90 km)i 

which produces Ár 3 = (30 km)i + (20 km)j in unit-vector notation, or (36Z33°) in 
magnitude-angle notation. Therefore, using Eq. 4-8 we obtain 

36km , 

v ave = = 1.2 km/h. 

avg (120-90) h 

(g) The direction of v avg is the same as r 3 (that is, 33° north of east). 


122. We make use of Eq. 4-21 and Eq.4-22. 

(a) With v 0 = 16 m/s, we square Eq. 4-21 and Eq. 4-22 and add them, then (using 
Pythagoras' theorem) take the square root to obtain r. 


r = y](x - x 0 ) 2 + (y - y 0 ) 2 = ^(v 0 cos0 o t) 2 + (v 0 sin 0 o t - gt 2 1 2f 

= t^jv 2 o -v o gsm0 o t + g 2 t 2 IA 


Below we plot r as a function of time for 6 0 = 40.0°: 



(b) For this next graph for r versus t we set 6 0 = 80.0°. 



(c) Differentiating r with respect to t, we obtain 

dr _ v\ - 3v 0 gt sin 6> 0 / 2 + g 2 t 2 1 2 


dt jv 2 o -v o gsm0 Q t + g 2 t 2 /4 


Setting dr/dt = 0, with v 0 =16.0 m/s and 0 O =40.0°, we have 256-1 5 lí + 48í 2 = 0 . 

The equation has no real solution. This means that the maximum is reached at the end of 
the flight, with 


t mai = 2v o sin #o lg = 2( 16 - 0 m/s)sin(40.0°)/(9.80 m/s 2 ) = 2.10 s. 


(d) The value of r is given by 

r = (2.10)7(16.0) 2 -(16.0)(9.80)sin40.0°(2.10) + (9.80) 2 (2.10) 2 /4 = 25.7 m. 

(e) The horizontal distance is r x = v 0 cos0 o t = (16.0 m/s)cos40.0°(2.10 s) = 25.7 m. 

(f) The vertical distance is r y = 0 . 

(g) For the 6o = 80° launch, the condition for maximum r is 256-232í + 48í 2 = 0 , or 
t-Ul s (the other solution, t = 3.13 s, corresponds to a minimum.) 

(h) The distance traveled is 


r = (1 .7 1)^/(1 6.0) 2 - (1 6.0)(9.80) sin 80.0°(1 .71) + (9.80) 2 (1 .7 1) 2 / 4 = 1 3 .5 m. 


(i) The horizontal distance is 


r x =v o cos0 o í = (16.Om/s)cos8O.O°(1.71s) = 4.75 m. 


(j) The vertical distance is 

st 1 

r y = v 0 sin e o t - — = (1 6.0 m/s) sin 80°(1 .7 1 s) 


(9.80 m/s 2 )(1 .7 ls) 2 
2 


= 12.6 m. 


123. Using the same coordinate system assumed in Eq. 4-25, we find x for the elevated 
cannon from 


y - x tan 8 0 - 


2(v 0 cos6> 0 ) 


where y - -30 m. 


Using the quadratic formula (choosing the positive root), we find 


x - v 0 cos# 0 


sinfl 0 + V(v 0 sin6> 0 ) -2gy 
g 


which yields x = 715 m for vo = 82 m/s and do = 45°. This is 29 m longer than the 686 m 
found in that Sample Problem. Since the "9" in 29 m is not reliable, due to the low levei 
of precision in the given data, we write the answer as 3x1o 1 m. 


124. (a) Using the same coordinate system assumed in Eq. 4-25, we find 

2 2 

y = xtan0 Q ^ -=-^ T if 6> 0 = 0. 

2(v 0 cos# 0 ) 2v 0 

si 1 O 

Thus, with v 0 = 3.0 x 10 m/s and x = 1.0 m, we obtain y = -5.4 x 10 m which is not 
practical to measure (and suggests why gravitational processes play such a small role in 
the fields of atomic and subatomic physics). 

(b) It is clear from the above expression that \y\ decreases as v 0 is increased. 


125. At maximum height, the j-component of a projectile's velocity vanishes, so the 
given 10 m/s is the (constant) x-component of velocity. 

(a) Using vo y to denote the j-velocity 1 .0 s before reaching the maximum height, then 
(with v y = 0) the equation v y = v 0y - gt leads to v 0y = 9.8 m/s. The magnitude of the 
velocity vector (or speed) at that moment is therefore 


(b) It is clear from the symmetry of the problem that the speed is the same 1.0 s after 
reaching the top, as it was 1.0 s before (14 m/s again). This may be verified by using v y = 
v 0y - gt again but now "starting the clock" at the highest point so that v 0y = 0 (and 


(c) The xo value may be obtained from x = 0 = xo + (10 m/s)(1.0s), which yields 
x 0 = -lOm. 

(d) With v 0y = 9.8 m/s denoting the j-component of velocity one second before the top of 
the trajectory, then we have y = 0 = y 0 + v 0v t - \gt 2 where t = 1.0 s. This yields 

j 0 =-4.9m. 

(e) By using x - xo = (10 m/s)(1.0 s) where xo = 0, we obtainx = 10 m. 

(f) Let t = 0 at the top with y 0 = v 0 = 0 . From y - y 0 = v Q t - \gt 2 , we have, for t = 1 .0 s, 




y = -(9.8 m/s 2 )(l .0 s) 2 / 2 = -4.9 m. 


126. With no acceleration in the x direction yet a constant acceleration of 1 .4 m/s in the y 
direction, the position (in meters) as a function of time (in seconds) must be 


F = (6.00i+^-(1.4)^ |j 

and v is its derivative with respect to t. 

(a) At t = 3.0 s, therefore, v = (6.0Í + 4.2j) m/s. 

(b) At í = 3.0 s, the position is r = (18i + 6.3j) m. 


127. We note that 


describes a right triangle, with one leg being v PG (east), another leg being v AG 
(magnitude = 20, direction = south), and the hypotenuse being v PA (magnitude = 70). 
Lengths are in kilometers and time is in hours. Using the Pythagorean theorem, we have 

K\ = j\v PG \ 2 + \v AG | 2 => 70 km/h = ^ | 2 +(20km/h) 2 

which is easily solved for the ground speed: |v PG | = 67km/h. 


128. The figure offers many interesting points to analyze, and others are easily inferred 
(such as the point of maximum height). The focus here, to begin with, will be the final 
point shown (1.25 s after the bali is released) which is when the bali returns to its original 
height. In English units, g = 32 ft/s 2 . 

(a) Using x - xo = v x t we obtain v x = (40 ft)/(l .25 s) = 32 ft/s. And y - y 0 = 0 = v 0 t - \ gt 2 
yields v 0> , =y(32 ft/s 2 ) (1.25 s) = 20 ft/s. Thus, the initial speed is 

v 0 = |v 0 1= ^(32 ft/s) 2 + (20 ft/s) 2 =38 ft/s. 

(b) Since v y = 0 at the maximum height and the horizontal velocity stays constant, then 
the speed at the top is the same as v x = 32 ft/s. 

(c) We can infer from the figure (or compute fromv^ = 0 = v 0v - gt ) that the time to reach 
the top is 0.625 s. With this, we can use y - y 0 = v 0y t - \ gt 2 to obtain 9.3 ft (where y 0 = 

3 ft has been used). An alternative approach is to use v 2 = v 2 v - 2g ( y - y 0 ) . 


129. We denote v PG as the velocity of the plane relative to the 
ground, v AG as the velocity of the air relative to the ground, and 
v PA as the velocity of the plane relative to the air. 


V PA + V AG 


(a) The vector diagram is shown on the right: v PG 
Since the magnitudes v PG and v PA are equal the triangle is 
isosceles, with two sides of equal length. 

Consider either of the right triangles formed when the bisector 
of #is drawn (the dashed line). It bisects v AG , so 



sin(0/2) = 


AG _ 


70.0 mi/h 


2v PG 2(135 mi/h) 


which leads to 9= 30.1°. Now v AG makes the same angle with the E-W line as the 
dashed line does with the N-S line. The wind is blowing in the direction 15.0° north of 
west. Thus, it is blowing from 75.0° east of south. 

(b) The plane is headed along v PA , in the direction 30.0° east of north. There is another 

solution, with the plane headed 30.0° west of north and the wind blowing 15° north of 
east (that is, from 75° west of south). 


130. Taking derivatives of r = 2ti + 2sin(;rt74)j (with lengths in meters, time in seconds 
and angles in radians) provides expressions for velocity and acceleration: 

dr 
v = — 
dt 

dv 
a = — 
dt 

Thus, we obtain: 


time t 


0.0 j 

1.0 

2.0 

3.0 

4.0 

(a) 

-» 

r 

position 

X 

0.0 

2.0 

4.0 

6.0 

8.0 

y 

0.0 

1.4 

2.0 

1.4 

0.0 

(b) 

-» 

V 

velocity 



2.0 

2.0 

2.0 




1.1 

0.0 

-1.1 


(c) 

-» 
a 

acceleration 

a x 


0.0 

0.0 

0.0 


Cly 


-0.87 

-1.2 

-0.87 



And the path of the particle in the xy plane is shown in the following graph. The arrows 
indicating the velocities are not shown here, but they would appear as tangent-lines, as 
expected. 


■ = 2H — COS 
2 


J 


■ sin 

8 


v t J 
j 


v t y 


131. We make use of Eq. 4-24 and Eq. 4-25. 

(a) Withx = 180 m, 0 0 = 30°, and v 0 = 43 m/s, we obtain 


(9.8 m/s 2 )(180 m) 2 
2(43 m/s) 2 (cos 30 o ) 2 


y = tan(30°)(l 80 m) - ^ ^ Z^ = 1 m 


or | y | = 1 1 m . This implies the rise is roughly eleven meters above the fairway. 


(b) The horizontal component (in the absence of air friction) is unchanged, but the 
vertical component increases (see Eq. 4-24). The Pythagorean theorem then gives the 
magnitude of final velocity (right before striking the ground): 45 m/s. 


132. We let g p denote the magnitude of the gravitational acceleration on the planet. A 
number of the points on the graph (including some "inferred" points — such as the max 
height point atx = 12.5 m and t= 1.25 s) can be analyzed profitably; for future reference, 
we label (with subscripts) the first ((xq, yo) = (0, 2) at t 0 = 0) and last ("final") points ((x/, 
yj) = (25, 2) at t/= 2.5), with lengths in meters and time in seconds. 

(a) The x-component of the initial velocity is found from x/ - xo = v 0x tf. Therefore, 
v 0x =25/2.5 = 10 m/s. And we try to obtain the j-component from 
y f — Jo = 0 = v o// ~~ 2 Sptf • This gives us v 0y = 1 25g p , and we see we need another 
equation (by analyzing another point, say, the next-to-last one) y - y 0 = v 0y t - \ g p t 2 

with y = 6 and t = 2; this produces our second equation v 0y = 2 + g p . Simultaneous 
solution of these two equations produces results for v 0y and g p (relevant to part (b)). Thus, 

our complete answer for the initial velocity is v = (10 m/s)i +(10 m/s)j . 

(b) As a by-product of the part (a) computations, we have g p = 8.0 m/s 2 . 

(c) Solving for t g (the time to reach the ground) in y g = 0 = y 0 + v 0y t g - jg p t 2 g leads to a 
positive answer: t g = 2.7 s. 

(d) With g = 9.8 m/s , the method employed in part (c) would produce the quadratic 
equation -4.9t 2 + lOt + 2 = 0 and then the positive result t g = 2.2 s. 


1. We apply Newton's second law (specifically, Eq. 5-2). 

(a) We find the x component of the force is 

F x =ma x =ma cos 20.0° = (l.00kg) (2.00m/s 2 ) cos 20.0° = 1.88N. 

(b) The y component of the force is 

F y =ma } = ma sin 20.0° = (1.0kg) (2.00m/s 2 ) sin 20.0° = 0.684N. 

(c) In unit-vector notation, the force vector is 

F = F x l + F y ) = (1.88 N)i +(0.684 N)j . 


2. We apply Newton's second law (Eq. 5-1 or, equivalently, Eq. 5-2). The net force 
applied on the chopping block is F net = F l + F 2 , where the vector addition is done using 

unit-vector notation. The acceleration of the block is given by a = [P { + F 2 ) I m. 


(a) In the first case 


F l+ F 2 = 


(3.0N)Í+ (4.0N)j]+ [(-3.0N)Í+ (-4.0N)] 


= 0 


so a = 0. 


(b) In the second case, the acceleration a equals 


P i + P 2 _((3.0N)i+ (4.0N)j) + ((-3.0N)i+ (4.0N)j) _ 


m 


2.0kg 


= (4.0m/s 2 )j. 


(c) In this final situation, a is 

p i+ p 2 _ ((3.0N)i+ (4.0N)j) + ((3.0N)i+ (-4.0N)]) 


m 


2.0 kg 


= (3.0m/s 2 )i. 


3. We are only concerned with horizontal forces in this problem (gravity plays no direct 
role). We take East as the +x direction and North as +y. This calculation is efficiently 
implemented on a vector-capable calculator, using magnitude-angle notation (with SI 
units understood). 

f_(MZOP) + (MZliy) 

m 3.0 y ' 


Therefore, the acceleration has a magnitude of 2.9 m/s . 


4. We note that ma = (-16 N) i + (12 N) j . With the other forces as specified in the 
problem, then Newton' s second law gives the third force as 

F 3 = ma -F x - F 2 =(-34 N) í - (12 N) j. 


5. We denote the two forces F l and F 2 . According to Newton's second law, 
F l + F 2 = ma, so F 2 = ma - F x . 

(a) In unit vector notation F l = (20.0 N)i and 

ã = -(l2.0sin30.0°m/s 2 )í- (l2.0 cos 30.0°m/s 2 )j = -(6.00 m/s 2 )í- (l0.4m/s 2 )j. 
Therefore, 

F 2 =(2.00kg) (-6.00m/s 2 )í+ (2.00 kg) (-10.4 m/s 2 )] - (20.0 N)i 
= (-32.0N)í- (20.8 N)j. 

(b) The magnitude of F 2 is 

\F 2 \=^F 2x +F 2y =^/(-32.0N) 2 + (-20.8N) 2 =38.2 N. 

(c) The angle that F 2 makes with the positive x axis is found from 

tan 0= (F 2y /F 2x ) = [(-20.8 N)/(-32.0 N)] = 0.656. 

Consequently, the angle is either 33.0° or 33.0° + 180° = 213°. Since both the x and y 
components are negative, the correct result is 213°. An alternative answer is 
213°-360° = -147°. 


6. Since v = constant, we have a = 0, which implies 

^„et =F l + F 2 =mã = 

Thus, the other force must be 

F 2 = -F! = (-2N)i + (6 


7. The net force applied on the chopping block is F net = F[ + F 2 + F 3 , where the vector 
addition is done using unit-vector notation. The acceleration of the block is given by 
a = (Fj + F 2 + F 3 ) I m. 

(a) The forces exerted by the three astronauts can be expressed in unit-vector notation as 
follows: 

F 1 = (32N)(cos30°í + sin 30°]) = (27.7 N)í + (16 N)j 
F 2 =(55N)(cosO°í+ sinO°j) = (55N)í 

F 3 =(41N)(cos(-60°)í+ sin(-60°)]) = (20.5 N)í- (35.5 N)j. 

The resultant acceleration of the asteroid of mass m= 120 kg is therefore 
(27.7Í+16j)n + (55Í)n+ (20.5Í -35 .5j) N 


a =■ 


120kg 


= (0.86m/s 2 )i-(0.16m/s 2 )j 


(b) The magnitude of the acceleration vector is 


\a\ = ^a] + a] = ^(0.86 m/s 2 ) 2 + (-0.16 m/s 2 f = 0.88 m/s 2 


(c) The vector ã makes an angle #with the +x axis, where 


0 = tan 


v fl <; 


tan 


^-0.16 m/s 2 ^ 
0.86 m/s 2 


= -11° 


y 








8. Since the tire remains stationary, by Newton's second law, 


F C 

the net force must be zero: 






F n et = F A+ F B+ F c= mã = °- 



From the free-body diagram shown on the right, we have 


% 


> 

t 


0 = S F net,, = F C COS <P~F A COS 6 

0 = S F net,v = F A SÍI1 # + F C SÍI1 0 " F £ 

To solve for F B , we first compute (f>. With F A = 220 N , F c = 170 N and 6 = 47°, we get 


F Ã cos0 (220 N) cos 47.0° . __. , oc nc 
cos<z> = — = - — = 0.883 => 0 = 28.O C 


F 


c 


170 N 


Substituting the value into the second force equation, we find 

F B = F A sin 6 + F c sin (/> = (220 N) sin 47.0° + (1 70 N) sin 28.0 = 24 1 N. 


9. The velocity is the derivative (with respect to time) of given function x, and the 
acceleration is the derivative of the velocity. Thus, a = 2c - 3(2.0)(2.0)í, which we use in 
Newton's second law: F = (2.0 kg)a = 4.0c - 24t (with SI units understood). At t = 3.0 s, 
we are told that F = -36 N. Thus, -36 = 4.0c - 24(3.0) can be used to solve for c. The 
result is c = +9.0 m/s 2 . 


10. To solve the problem, we note that acceleration is the second time derivative of the 
position function, and the net force is related to the acceleration via Newton's second 
law. Thus, differentiating 

x(0 = -13.00 + 2.00í + 4.00í 2 -3.00í 3 


twice with respect to t, we get 

dr d 2 r 

— = 2.00 + 8.00í-9.00í 2 , -^ = 8.00-18.0? 

dt dt 


The net force acting on the particle at t = 3.40 s is 


r2 

F = m—^-\ = (0.150) [8.00- 1 8.0(3 .40)] í = (-7.98 N)í 
dt 


1 1 . To solve the problem, we note that acceleration is the second time derivative of the 
position function; it is a vector and can be determined from its components. The net force 
is related to the acceleration via Newton's second law. Thus, differentiating 
jc(í) = -15.0 + 2.00í + 4.00í 3 twice with respect to t, we get 

— = 2.00-12.0í 2 , ^ = -24.0? 

dt dt 

Similarly, differentiating y(i) = 25.0 + l.OOt - 9.00t 2 twice with respect to t yields 


^-7.00-18.0í, ^4 = -18.0 


dt 


dt 1 


(a) The acceleration is 


d 2 x? d 2 y 


a = a x i + a j = — r i + — f j = (-24.001 + (-1 8 .0) j . 
dt dt 


At t = 0.700 s , we have a = (-16.8)i + (— 18.0)j with a magnitude of 


a=\ã\ = V(-16.8) 2 + (-18.0) 2 = 24.6 m/s 2 . 
Thus, the magnitude of the force is F = ma = (0.34 kg)(24.6 m/s 2 ) = 8.37 N. 
(b) The angle F or a - F I m makes with +x is 


0 = tan 


= tan 


-18.0 m/s 
-16.8 m/s 2 


2 A 


= 47.0° or-133 c 


We choose the latter (-133° ) since F is in the third quadrant. 

(c) The direction of travei is the direction of a tangent to the path, which is the direction 
of the velocity vector: 

v(t) = v x i + vi = — i + ^- j = (2.00 - 12.0í 2 )i + (7.00 - 1 8.0í) j. 


dt dt 


At t = 0.700 s , we have v(t = 0.700 s) = (-3.88 m/s)i + (-5.60 m/s)j. Therefore, the angle 
v makes with +x is 


6>„ = tan 


iv 


^-5.60 m/s^ 

= tan 1 




v -3. 88 m/s J 


= 55.3°or-125 c 


We choose the latter (-125° ) since v is in the third quadrant. 


12. From the slope of the graph we find a x = 3.0 m/s . Applying Newton's second law to 
the x axis (and taking 0 to be the angle between F\ and F 2 ), we have 


Fi +F 2 cos# = ma x => 6=56°. 


13. (a) - (c) In ali three cases the scale is not accelerating, which means that the two 
cords exert forces of equal magnitude on it. The scale reads the magnitude of either of 
these forces. In each case the tension force of the cord attached to the salami must be the 
same in magnitude as the weight of the salami because the salami is not accelerating. 
Thus the scale reading is mg, where m is the mass of the salami. Its value is (1 1.0 kg) (9.8 
m/s 2 ) = 108 N. 


14. Three vertical forces are acting on the block: the earth pulls down on the block with 
gravitational force 3.0 N; a spring pulls up on the block with elastic force 1.0 N; and, the 
surface pushes up on the block with normal force F N . There is no acceleration, so 

Y J F y = 0 = F N + (1.0N) + (-3.0N) 

yieldsFiv = 2.0N. 

(a) By Newton's third law, the force exerted by the block on the surface has that same 
magnitude but opposite direction: 2.0 N. 


(b) The direction is down. 


15. (a) From the fact that J3 = 9.8 N, we conclude the mass of disk D is 1.0 kg. Both this 
and that of disk C cause the tension T2 = 49 N, which allows us to conclude that disk C 
has a mass of 4.0 kg. The weights of these two disks plus that of disk B determine the 
tension T\ = 58.8 N, which leads to the conclusion that m B = 1.0 kg. The weights of ali 
the disks must add to the 98 N force described in the problem; therefore, disk A has mass 
4.0 kg. 

(b) m B = 1 .0 kg, as found in part (a). 

(c) m c = 4.0 kg, as found in part (a). 


(d) m D = 1.0 kg, as found in part (a). 


16. (a) There are six legs, and the vertical component of the tension force in each leg is 
TsinO where 0 = 40° . For vertical equilibrium (zero acceleration in the y direction) then 
Newton's second law leads to 

6rsin6> = mg^>T = mg 

6sin# 


which (expressed as a multiple of the bug's weight mg) gives roughly T I mg ~ 0.26 0. 

(b) The angle 6 is measured from horizontal, so as the insect "straightens out the legs" 6 
will increase (getting closer to 90°), which causes sin#to increase (getting closer to 1) 
and consequently (since sinais in the denominator) causes Tio decrease. 


17. (a) The coin undergoes free fali. Therefore, with respect to ground, its acceleration is 

ã coin =g = (-9.8m/s 2 )j. 

(b) Since the customer is being pulled down with an acceleration of 
a' ustomer = 1.24g = (-12.15 m/s 2 )j, the acceleration of the coin with respect to the 
customer is 

« rel = «coi„ -«Lerner = ("9-8 m/s 2 )j - ("12. 15 m/s 2 )j = (+2.35 m/s 2 )j. 

(c) The time it takes for the coin to reach the ceiling is 



2h 2(2.20 m) 
t= — = — l =1.37 s. 


2.35 m/s 2 

(d) Since gravity is the only force acting on the coin, the actual force on the coin is 

F com = >nã com =mg = (0.567XKT 3 kg)(-9.8 m/s 2 )j = (-5.56xl(T 3 N)j. 

(e) In the customer' s frame, the coin traveis upward at a constant acceleration. Therefore, 
the apparent force on the coin is 

^a PP = mã M = (0.567xl(T 3 kg)(+2.35m/s 2 )j = (+1.33xl(T 3 N)j. 


18. We note that the rope is 22.0° from vertical - and therefore 68.0° from horizontal. 

(a) With T= 760 N, then its components are 

f = 7 cos 68.0° í+rsin 68.0°j = (285N)í+(705N) ]. 

(b) No longer in contact with the cliff, the only other force on Tarzan is due to earth's 
gravity (his weight). Thus, 

F net = f + W = (285 N)í+(705 N) ] - (820 N) j = (285N)Í -(1 15 N)j. 

(c) In a manner that is efficiently implemented on a vector-capable calculator, we 
convert from rectangular (x, y) components to magnitude-angle notation: 

F net = (285, -115) -> (307Z-22.0 0 ) 
so that the net force has a magnitude of 307 N. 

(d) The angle (see part (c)) has been found to be -22.0°, or 22.0° below horizontal (away 
from cliff). 

(e) Since ã = F ne Jm where m = W/g = 83.7 kg, we obtain a = 3.67 m/s 2 . 

(f) Eq. 5-1 requires that a || F net so that the angle is also -22.0°, or 22.0° below horizontal 
(away from cliff). 


19. (a) Since the acceleration of the block is zero, the components of the Newton's 
second law equation yield 

T- mg sin 0 = 0 
F N - mg cos 0=0. 

Solving the first equation for the tension in the string, we find 

T = mg sin # = (8.5 kg)(9.8 ml s 2 ) sin 30° = 42 N . 

(b) We solve the second equation in part (a) for the normal force F N : 

F N = mg cos0 = (S.5 kg) (9.8 m/s 2 ) cos 30° =72 N . 

(c) When the string is cut, it no longer exerts a force on the block and the block 
accelerates. The x component of the second law becomes -mgsin0 = ma, so the 
acceleration becomes 

a=-gsin # = -(9.8m/s 2 )sin 30° = -4.9 m/s 2 . 

The negative sign indicates the acceleration is down the plane. The magnitude of the 
acceleration is 4.9 m/s 2 . 


20. We take rightwards as the +x direction. Thus, F l = (20 N)i . In each case, we use 
Newton's second law F x + F 2 = ma where m = 2.0 kg. 

(a) If a = (+10 m/s 2 ) i , then the equation above gives F 2 = 0. 

(b) If , ã = (+20 m/s 2 ) i, then that equation gives F 2 = (20N)i. 

(c) If ã = 0, then the equation gives F 2 - (-20N)i. 

(d) If a = (-10 m/s 2 ) í, the equation gives F 2 = (-40N)í. 

(e) If a = (-20 m/s ) i, the equation gives F 2 = (-60N)i. 


21. (a) The slope of each graph gives the corresponding component of acceleration. 
Thus, we find a x = 3.00 m/s 2 and a y = -5.00 m/s 2 . The magnitude of the acceleration 

vector is therefore a = ^(3.00m/s 2 ) 2 +(-5.00 m/s 2 ) 2 =5.83 m/s 2 , and the force is 

obtained from this by multiplying with the mass (m= 2.00 kg). The result is F = ma 
= 11.7 N. 

(b) The direction of the force is the same as that of the acceleration: 

0= tan" 1 [(-5.00 m/s 2 )/(3.00 m/s 2 )] = -59.0°. 


22. The free-body diagram of the cars is shown on the right. The 
force exerted by John Massis is y 

F = 2.5mg = 2.5(80 kg)(9.8 m/s 2 ) = 1960 N . 


Since the motion is along the horizontal x-axis, using Newton's 
second law, we have Fx = F cos d = Ma x , where M is the total 
mass of the railroad cars. Thus, the acceleration of the cars is 


Fcos# (1960 N) cos 30° 



M (7.0xl0 5 N/9.8 m/s 2 ) 


0.024 m/s 2 . 


Mg 


Using Eq. 2-16, the speed of the car at the end of the pull is 

v x = pa x Ax = ^2(0.024 m/s 2 )(1.0 m) = 0.22 m/s. 


23. (a) The acceleration is 

a. ^ = ^1 = 0.022 m/ S \ 
m 900 kg 

(b) The distance traveled in 1 day (= 86400 s) is 

s = ^at 2 = | (0.0222 m/s 2 ) (86400s) 2 = 8.3 x IO 7 m 

(c) The speed it will be traveling is given by 

v = at = (0.0222 m/s 2 ) (86400 s) = 1.9 x IO 3 m/s . 


24. Some assumptions (not so much for realism but rather in the interest of using the 
given information efficiently) are needed in this calculation: we assume the fishing line 
and the path of the salmon are horizontal. Thus, the weight of the fish contributes only 
(via Eq. 5-12) to information about its mass (m = W/g = 8.7 kg). Our +x axis is in the 
direction of the salmon' s velocity (away from the fisherman), so that its acceleration 
("deceleration") is negative-valued and the force of tension is in the —x direction: 
T = - T . We use Eq. 2-16 and SI units (noting that v = 0). 


2Ax 2(0.11 m) 

Assuming there are no significant horizontal forces other than the tension, Eq. 5-1 leads 
to 

f = mã => -T = (8.7 kg) (-36 m/s 2 ) 


which results in T= 3.1 x IO 2 N. 


25. In terms of magnitudes, Newton' s second law is F = ma, where F = F net , a=\a\, 

and m is the (always positive) mass. The magnitude of the acceleration can be found 
using constant acceleration kinematics (Table 2-1). Solving v = vo + at for the case where 
it starts from rest, we have a = v/t (which we interpret in terms of magnitudes, making 
specification of coordinate directions unnecessary). The velocity is 


so 


v = (1600 km/h) (1000 m/km)/(3600 s/h) = 444 m/s, 


v 444 m /s 

F =ma = m-=(500kg) ZZZ^ll =l,2xlO s N. 
t v ; 1.8s 


26. The stopping force F and the path of the passenger are horizontal. Our +x axis is in 
the direction of the passenger' s motion, so that the passenger' s acceleration 
("deceleration" ) is negative-valued and the stopping force is in the -x direction: 

F = -F i . Using Eq. 2-16 with 

v 0 = (53 km/h)(1000 m/km)/(3600 s/h) = 14.7 m/s 

and v = 0, the acceleration is found to be 

2 2 o a v o (14.7 m/s) 2 . 2 

v 2 =v; + 2aAx ^> a = 5_ = -^- ^- = -167 m/s . 

0 2Ax 2(0.65 m) 

Assuming there are no significant horizontal forces other than the stopping force, Eq. 5-1 
leads to 

F = mã -F = (41 kg) (-167 m/s 2 ) 
which results in F = 6.8 x 10 3 N. 


2 

27. We choose up as the +y direction, so a = (-3.00 m/s )j (which, without the unit- 
vector, we denote as a since this is a 1 -dimensional problem in which Table 2-1 applies). 
From Eq. 5-12, we obtain the firefighter's mass: m = W/g = 72.7 kg. 

(a) We denote the force exerted by the pole on the firefighter F f = F f j and apply Eq. 
5-1. Since F net = ma , we have 

F |p - F g = ma F iv -712 N = (72.7 kg)(-3.00 m/s 2 ) 

which yields F fp = 494 N. 

(b) The fact that the result is positive means F f points up. 

(c) Newton' s third law indicates F { = -F p{ , which leads to the conclusion that 
|F pf | =494 N. 

(d) The direction of F ' is down. 


28. The stopping force F and the path of the toothpick are horizontal. Our +x axis is in 
the direction of the toothpick' s motion, so that the toothpick' s acceleration 
("deceleration") is negative-valued and the stopping force is in the —x direction: 

F = -F i . Using Eq. 2-16 with v 0 = 220 m/s and v = 0, the acceleration is found to be 

v 2 =v 2 0 +2aAx => a = -- £- = - (22 ° m/s) \ =-1.61xl0 6 m/s 2 . 

2Ax 2(0.015 m) 

Thus, the magnitude of the force exerted by the branch on the toothpick is 


F = m|a| = (1.3xl0~ 4 kg)(1.61xl0 6 m/s 2 ) = 2.1xl0 2 N. 


29. The acceleration of the electron is vertical and for ali practical purposes the only force 
acting on it is the electric force. The force of gravity is negligible. We take the +x axis to 
be in the direction of the initial velocity and the +y axis to be in the direction of the 
electrical force, and place the origin at the initial position of the electron. Since the force 
and acceleration are constant, we use the equations from Table 2-\:x = vot and 


The time taken by the electron to travei a distance x (= 30 mm) horizontally is t = x/v 0 and 
its deflection in the direction of the force is 




J_ ( 4.5xlO" 16 N Y 30 x 10" 3 m Y 
2 ^9.11 x 10~ 31 kg J[l.2xl0 7 m/s y 


=1.5x10 3 m. 


30. The stopping force F and the path of the car are horizontal. Thus, the weight of the 
car contributes only (via Eq. 5-12) to information about its mass (m = W/g = 1327 kg). 
Our +x axis is in the direction of the car's velocity, so that its acceleration 
("deceleration") is negative-valued and the stopping force is in the -x direction: 

F = -Fi. 

(a) We use Eq. 2-16 and SI units (noting that v = 0 and v 0 = 40(1000/3600) = 11.1 m/s). 

2 2o. v l (H.l m/s) 2 

v 2 =vl+2aàx => a = °—=-^- 

2Ax 2(15 m) 

which yields o = - 4.12 m/s . Assuming there are no significant horizontal forces other 
than the stopping force, Eq. 5-1 leads to 

F = mã => -F = (1327 kg) (-4.12 m/s 2 ) 

which results in F = 5.5 x IO 3 N. 

(b) Eq. 2-1 1 readily yields t = -v 0 /a = 2.7 s. 

(c) Keeping F the same means keeping a the same, in which case (since v = 0) Eq. 2-16 
expresses a direct proportionality between Ax and v„ . Therefore, doubling v 0 means 
quadrupling Ax . That is, the new over the old stopping distances is a factor of 4.0. 


(d) Eq. 2-11 illustrates a direct proportionality between t and v 0 so that doubling one 
means doubling the other. That is, the new time of stopping is a factor of 2.0 greater than 
the one found in part (b). 


3 1 . The acceleration vector as a function of time is 

a = — = — (8.00í i + 3.00t 2 j m/s = (8.00 i + 6.00í j) m/s 2 . 
dt dt K > 

(a) The magnitude of the force acting on the particle is 

F = ma = m\ ã\ = (3.00)V(8.00) 2 +(6.000 2 = (3.00)^/64.0 + 36.0 í 2 N. 
Thus, F = 35.0 N corresponds to t = 1.415 s, and the acceleration vector at this instant is 

5 = [8.00 í + 6.00(1.415) ]] m/s 2 = (8.00 m/s 2 ) í + (8.49 m/s 2 )]. 
The angle Õ makes with +x is 

6> = tan 1 


|V 


^8.49 m/s 2 ^ 

= tan 1 




v 8.00 m/s 2 J 


46.7°. 

^8.00 m/s z J 
(b) The velocity vector at í = 1.415 s is 

v = [8.00(1.415) í + 3.00(1 .415) 2 j]m/s = (11.3 m/s) í + (6.01 m/s)j. 

Therefore, the angle v makes with +x is 


# = tan 


IV 


^6.01 m/s "1 


= tan 1 




v 1 1 .3 m/s y 


= 28.0°. 


32. We resolve this horizontal force into appropriate components. 

(a) Newton' s second law applied to the x-axis 
produces 


F x = F cosd 



F cosd - mg sin# = ma. 
For a = 0, this yields F = 566 N. 
(b) Applying Newton's second law to the y axis (where there is no acceleration), we have 

F N - Fsin 0- mg cos 0=0 

which yields the normal force Fn = 1 . 13 x 10 3 N. 


33. (a) Since friction is negligible the force of the girl is the only horizontal force on the 
sled. The vertical forces (the force of gravity and the normal force of the ice) sum to zero. 
The acceleration of the sled is 


F 52N HAO /2 

a = — = = 0.62 m/s . 

s m s 8.4 kg ' 

(b) According to Newton's third law, the force of the sled on the girl is also 5.2 N. Her 
acceleration is 

F 5.2N n ,„ /2 

a= — = = 0.13 m/s 2 . 

g m g 40kg ' 

(c) The accelerations of the sled and girl are in opposite directions. Assuming the girl 
starts at the origin and moves in the +x direction, her coordinate is given by x g = \a g t 2 . 
The sled starts at xo = 15 m and moves in the -x direction. Its coordinate is given by 
x s = x 0 -\a s t 2 . They meet when x g = x s , or 

1 2 1 2 

-a g t =x 0 --a,t . 

This occurs at time 

t = 

By then, the girl has gone the distance 


2x 


<a g +a s 


1 , 2 W s (15m)(0.13m/s 2 ) 

x Q = —at = — = ^ — = 2.6 m. 

g 2 g a+a 0.13 m/s 2 + 0.62 m/s 2 


34. (a) Using notation suitable to a vector capable calculator, the F net = 0 condition 
becomes 

F, + F 2 + F 3 = (6.00 Z 150°) + (7.00 Z -60.0°) + F 3 =0. 
Thus, F 3 = (1.70 N)í + (3.06 N)j. 

(b) A constant velocity condition requires zero acceleration, so the answer is the same. 

(c) Now, the acceleration is 5 = (1 3 . 0 m/s ) i - (1 4 . 0 m/s ) j . Using F net = m a (with m 
= 0.025 kg) we now obtain 

F 3 = (2.02 N)í + (2.71 N)j. 


35. The free-body diagram is shown next. F N is the 
normal force of the plane on the block and mg is the 
force of gravity on the block. We take the +x direction to 
be down the incline, in the direction of the acceleration, 
and the +y direction to be in the direction of the normal 
force exerted by the incline on the block. The x 
component of Newton's second law is then mg sin 0 = 
ma; thus, the acceleration is a = g sin 0. 



(a) Placing the origin at the bottom of the plane, the kinematic equations (Table 2-1) for 
motion along the x axis which we will use are v 2 = vl + 2ax and v = v 0 + at . The block 
momentarily stops at its highest point, where v = 0; according to the second equation, this 
occurs at time t = —v 0 /a . The position where it stops is 


or I x I = 1 . 1 8 m. 


X 2 a 2 


(-3.50 m/s) 2 


(9.8 m/s 2 ) sin 32.0 C 


= -1.18 m, 


(b) The time is 


r o _ 


-3.50m/s 


a gsinfl (9.8 m/s 2 ) sin 32.0° 


= 0.674s. 


(c) That the return-speed is identical to the initial speed is to be expected since there are 
no dissipative forces in this problem. In order to prove this, one approach is to set x = 0 
and solve x = v 0 t + \at 2 for the total time (up and back down) t. The result is 


t = 


2v n 


2v n 


2(-3.50 m/s) 
a gsin6> (9.8 m/s 2 )sin 32.0 C 


= 1.35 s. 


The velocity when it returns is therefore 


v =v 0 +aí = v 0 + gísin 6>=-3.50m/s + (9.8 m/s 2 )(1.35 s)sin32°=3.50 m/s. 


36. We label the 40 kg skier "m" which is represented as a block in the figure shown. The 
force of the wind is denoted F w and might be either "uphill" or "downhill" (it is shown 
uphill in our sketch). The incline angle 0is 10°. The —x direction is downhill. 



(a) Constant velocity implies zero acceleration; thus, application of Newton's second law 
along the x axis leads to 

mg sin 6 — F w = 0 . 

This yields F w = 68 N (uphill). 

(b) Given our coordinate choice, we have a =\ a \= 1.0 m/s . Newton's second law 

mg sin 0 - F w = ma 

now leads to F w = 28 N (uphill). 

(c) Continuing with the forces as shown in our figure, the equation 

mg sin 0 - F w = ma 

2 

will lead to F w = - 12 N when | a | = 2.0 m/s . This simply tells us that the wind is 
opposite to the direction shown in our sketch; in other words, F w = 12 N downhill. 


37. The solutions to parts (a) and (b) have been combined 
here. The free-body diagram is shown below, with the tension 
of the string T, the force of gravitymg, and the force of the 

air F . Our coordinate system is shown. Since the sphere is 
motionless the net force on it is zero, and the x and the y 
components of the equations are: 

< 

rsin#-F=0 F 
Tcos d-mg = 0, 

where 0 = 37°. We answer the questions in the reverse order. 
Solving 7 cos 0- mg = 0 for the tension, we obtain 

T= mg/ cos 0= (3.0 x 10" 4 kg) (9.8 m/s 2 ) / cos 37° = 3.7 x 10" 3 

Solving T sin 0- F = 0 for the force of the air: 


F=Tún 0=(3Jx 10" 3 N) sin 37° = 2.2 x 10" 3 N. 


38. The acceleration of an object (neither pushed nor pulled by any force other than 
gravity) on a smooth inclined plane of angle 6 is a = - gsin#. The slope of the graph 
shown with the problem statement indicates a = -2.50 m/s 2 . Therefore, we find 
0 = 14.8°. Examining the forces perpendicular to the incline (which must sum to zero 
since there is no component of acceleration in this direction) we find Fn = mgcosO, where 
m = 5.00 kg. Thus, the normal (perpendicular) force exerted at the box/ramp interface is 
47.4 N. 


39. The free-body diagram is shown below. LetT be the tension of the cable and mg be 
the force of gravity. If the upward direction is positive, then Newton's second law is T— 
mg = ma, where a is the acceleration. 

Thus, the tension is T = m(g + a). We use constant acceleration kinematics (Table 2-1) to 
find the acceleration (where v = 0 is the final velocity, vo = - 12 m/s is the initial velocity, 
and y = -42m is the coordinate at the stopping point). Consequently, 

v 2 = v 2 + 2ay leads to 

vi (-12 m/s) 2 , 

a =-^ = -^- '-= 1.71m/s 2 . 

2y 2(-42m) 

We now return to calculate the tension: 

T - m{g + a) 
= (1600 kg) (9.8 m/s 2 + 1.71 m/s 2 ) 
= 1.8 x IO 4 N . 



40. (a) Constant velocity implies zero acceleration, so the "uphill" force must equal (in 
magnitude) the "downhill" force: T = mg sin 0. Thus, with m = 50 kg and 6 - 8.0° , the 
tension in the rope equals 68 N. 

(b) With an uphill acceleration of 0.10 m/s , Newton's second law (applied to the x axis) 
yields 

T - mg sin 0 = ma => T - (50 kg)(9.8 m/s 2 ) sin8.0° = (50 kg)(0.10 m/s 2 ) 
which leads to T= 73 N. 


41. (a) The mass of the elevator is m = (27800/9.80) = 2837 kg and (with +y upward) the 
acceleration is a = +1.22 m/s 2 . Newton's second law leads to 

T - mg = ma =í> T = m{g + a) 
which yields 7= 3.13 x 10 4 N for the tension. 

(b) The term "deceleration" means the acceleration vector is in the direction opposite to 
the velocity vector (which the problem tells us is upward). Thus (with +y upward) the 
acceleration is now a = -1.22 m/s 2 , so that the tension is 


T=m(g + a) = 2.43 x 10 4 N. 


42. (a) The terai "deceleration" means the acceleration vector is in the direction opposite 
to the velocity vector (which the problem tells us is downward). Thus (with +y upward) 
the acceleration is a = +2.4 m/s . Newton's second law leads to 

T 

T - mg = ma =í> m = 

g + a 

which yields m = 7.3 kg for the mass. 

(b) Repeating the above computation (now to solve for the tension) with a = +2.4 m/s 2 
will, of course, lead us right back to T= 89 N. Since the direction of the velocity did not 
enter our computation, this is to be expected. 


43. The mass of the bundle is m = (449 N)/(9.80 m/s 2 ) = 45.8 kg and we choose +y 
upward. 


(a) Newton' s second law, applied to the bundle, leads to 

387 N- 449 N 

T - mg = ma => a = 

45.8 kg 

which yields a = -1.4 m/s 2 (or \a\ = 1.4 m/s 2 ) for the acceleration. The minus sign in the 
result indicates the acceleration vector points down. Any downward acceleration of 
magnitude greater than this is also acceptable (since that would lead to even smaller 
values of tension). 

(b) We use Eq. 2-16 (with Ax replaced by Ay = -6.1 m). We assume Vb = 0. 


|v| = JlaAy = ^2 (-1.35 m/s 2 ) (-6.1 m) = 4.1 m/s. 

For downward accelerations greater than 1.4 m/s , the speeds at impact will be larger than 
4.1 m/s. 


44. With fl ce meaning "the acceleration of the coin relative to the elevator" and a eg 
meaning "the acceleration of the elevator relative to the ground", we have 

2 2 

«ce + <2 eg = a cg => -8.00 m/s + a eg = -9.80 m/s 

which leads to a eg = -1.80 m/s 2 . We have chosen upward as the positive y direction. 
Then Newton' s second law (in the "ground" reference frame) yields T-mg = m a eg , or 

T =mg + ma eg = m(g +a eg ) = (2000 kg)(8.00 m/s 2 ) = 16.0 kN. 


45. (a) The links are numbered from bottom to top. The forces on the bottom link are the 
force of gravity mg , downward, and the force F 2onl of link 2, upward. Take the positive 
direction to be upward. Then Newton's second law for this link is F 2on i - mg = ma. Thus, 

F 2o m = m(a +g) = (0.100 kg) (2.50 m/s 2 + 9.80 m/s 2 ) = 1.23 N. 

(b) The forces on the second link are the force of gravity mg , downward, the force F lon2 
of link 1, downward, and the force F 3on2 of link 3, upward. According to Newton' s third 
law F lon2 has the same magnitude as F 2onl . Newton's second law for the second link is 

^3on2 - F {on2 - mg = ma, so 

F 3on2 = m(a + g) + F lon2 = (0.100 kg) (2.50 m/s 2 + 9.80 m/s 2 ) + 1.23 N = 2.46 N. 

(c) Newton's second for link 3 is F 4on3 - F 2on3 - mg = ma, so 

F 4on3 = m(a + g) + F 2on3 = (0.100 N) (2.50 m/s 2 + 9.80 m/s 2 ) + 2.46 N = 3.69 N, 

where Newton' s third law implies F 2on 3 = ^3on2 (since these are magnitudes of the force 
vectors). 

(d) Newton' s second law for link 4 is F 5on4 - F 3on4 - mg = ma, so 

F 5on4 = m(a + g) + F 3on4 = (0.100 kg) (2.50 m/s 2 + 9.80 m/s 2 ) + 3.69 N = 4.92 N, 
where Newton' s third law implies F 3on4 = F 4on 3- 

(e) Newton's second law for the top link is F- F 4on5 - mg = ma, so 

F= m{a + g) + F 4o „5 = (0.100 kg) (2.50 m/s 2 + 9.80 m/s 2 ) + 4.92 N = 6.15 N, 
where F 4on 5 = ^5on4 by Newton's third law. 

(f) Each link has the same mass and the same acceleration, so the same net force acts on 
each of them: 

Fnet = ma = (0.100 kg) (2.50 m/s 2 ) = 0.250 N. 


T 2 

46. Applying Newton's second law to cab B (of mass m) we have a = — - g = 4.89 m/s . 
Next, we apply it to the box (of mass mb) to find the normal force: 


F N =m b (g + a) = 176 N. 


47. The free-body diagram (not to scale) for the block is shown below. F N is the normal 
force exerted by the floor and mg is the force of gravity. 

y 

(a) The x component of Newton's second law is F cosi? = ma, 
where m is the mass of the block and a is the x component of its 
acceleration. We obtain 


a = 


FcosO _ (12.0N)cos25.0 c 



m 


5.00 kg 


= 2.18 m/s 2 


This is its acceleration provided it remains in contact with the 
floor. Assuming it does, we find the value of F N (and if F N is 
positive, then the assumption is true but if Fn is negative then the 
block leaves the floor). The y component of Newton's second law becomes 


V mg 


so 


F N + F sin6>- mg = 0, 
F N =mg-Fsm0= (5.00 kg)(9.80 m/s 2 ) - (12.0 N)sin 25.0°= 43.9 N. 


Hence the block remains on the floor and its acceleration is a = 2.18 m/s . 

(b) If F is the minimum force for which the block leaves the floor, then Fn= 0 and the y 
component of the acceleration vanishes. The y component of the second law becomes 


F sm0- mg =0 


m rr (5.00kg)Í9.80m/s 2 ) 
F= m^ = \ &n / =H6N. 


sin# 


sin25.0° 


(c) The acceleration is still in the x direction and is still given by the equation developed 
in part (a): 

Fcostf (116N)cos25.0 c 


/// 


5.00 kg 


21.0m/s i 


48. The direction of motion (the direction of the barge's acceleration) is+i, and +j is 

chosen so that the pull F h from the horse is in the first quadrant. The components of the 
unknown force of the water are denoted simply F x and F y . 

(a) Newton's second law applied to the barge, in the x and y directions, leads to 

(7900N)cos 18° +F x = ma 
(7900N)sin 18° +^ = 0 

2 3 

respectively. Plugging in a = 0.12 m/s and m = 9500 kg, we obtain F x = — 6.4 x 10 N 
and F y = — 2.4 x IO 3 N. The magnitude of the force of the water is therefore 


F^ = ]Fl+Fl =6.8xl0 3 N. 


(b) Its angle measured from +i is either 


tan 1 


f J7 \ 

= +21°or201°. 


\F X j 


The signs of the components indicate the latter is correct, so F water is at 201° measured 
counterclockwise from the line of motion (+x axis). 


49. Using Eq. 4-26, the launch speed of the projectile is 



sin2# 


gR 


(9.8 m/s 2 )(69 m) 
sin2(53°) 


= 26.52 m/s . 


The horizontal and vertical components of the speed are 

v x = v 0 cos 0 = (26.52 m/s) cos 53° = 15.96 m/s 
v y = v 0 sin 0 = (26.52 m/s) sin 53° = 2 1 . 1 8 m/s. 

Since the acceleration is constant, we can use Eq. 2-16 to analyze the motion. The 
component of the acceleration in the horizontal direction is 


and the force component is F x = ma x = (85 kg)(40. 7 m/s 2 ) = 3460 N. Similarly, in the 
vertical direction, we have 



(15.96 m/s) 2 


- = 40.7 m/s 2 , 

o 


2(5.2 m) cos 53 


2 


(21.18 m/s) 2 


v 


= 54.0 m/s 2 . 


a 


2y 


2(5.2 m) sin 53° 


and the force component is 


F = ma +mg = (85 kg)(54.0 m/s 2 + 9.80 m/s 2 ) = 5424 N. 


Thus, the magnitude of the force is 


F = yjF*+F } 2 = 7(3460 N) 2 + (5424 N) 2 = 6434 N « 6.4x1 0 3 N, 


to two significant figures. 


50. First, we consider ali the penguins (1 through 4, counting left to right) as one system, 
to which we apply Newton' s second law: 

T 4 -[m l +m 2 + m 3 + m 4 )a => 222N = (12kg + m 2 + 15kg + 20kg)a. 

Second, we consider penguins 3 and 4 as one system, for which we have 

T 4 -T 2 = (m 3 + m 4 )a 

111N= (I5kg+20kg)a =^a = 3.2m/s 2 . 
Substituting the value, we obtain m.2 = 23 kg. 


51. We apply Newton's second law first to the three blocks as a single system and then to 
the individual blocks. The +x direction is to the right in Fig. 5-49. 


(a) With m sys = m\ + m,2 + mi = 67.0 kg, we apply Eq. 5-2 to the x motion of the system - 
in which case, there is only one force f 3 = + f 3 i . Therefore, 

T 3 =m sys a => 65.0N = (67.0kg)a 

which yields a = 0.970 m/s for the system (and for each of the blocks individually). 

(b) Applying Eq. 5-2 to block 1, we find 

T l =m l a = (12.0kg)(0.970m/s 2 ) =11.6N. 

(c) In order to find T 2 , we can either analyze the forces on block 3 or we can treat blocks 
1 and 2 as a system and examine its forces. We choose the latter. 

T 2 ={m x +m 2 )a = (12.0 kg + 24.0 kg)(0.970 m/s 2 ) = 34.9 N . 


52. Both situations involve the same applied force and the same total mass, so the 
accelerations must be the same in both figures. 

(a) The (direct) force causing B to have this acceleration in the first figure is twice as big 
as the (direct) force causing A to have that acceleration. Therefore, B has the twice the 
mass of A. Since their total is given as 12.0 kg then B has a mass of mb = 8.00 kg and A 
has mass m A = 4.00 kg. Considering the first figure, (20.0 N)/(8.00 kg) = 2.50 m/s 2 . Of 
course, the same result comes from considering the second figure ((10.0 N)/(4.00 kg) = 
2.50 m/s 2 ). 


(b) F a = (12.0 kg)(2.50 m/s 2 ) = 30.0 N 


53. The free-body diagrams for part (a) are shown below. F is the applied force and / 
is the force exerted by block 1 on block 2. We note that F is applied directly to block 1 
and that block 2 exerts the force — f on block 1 (taking Newton's third law into 
account). 


F N7 


f 


F 


f 


1 m x g 


1 m 2 g 


(a) Newton's second law for block 1 is F —f= mia, where a is the acceleration. The 
second law for block 2 is / = mia. Since the blocks move together they have the same 
acceleration and the same symbol is used in both equations. From the second equation we 
obtain the expression a =f lm%, which we substitute into the first equation to get F —f= 
m\flm2. Therefore, 

/= Fm 2 = (3.2N)(l.2kg) ^ iiN 
m x - s rm 1 2.3 kg + 1.2 kg 


(b) If F is applied to block 2 instead of block 1 (and in the opposite direction), the force 
of contact between the blocks is 

f _ Fm, _ (3.2N)(2.3kg) _ 2lN 
m x + m 2 2.3 kg + 1.2 kg 


(c) We note that the acceleration of the blocks is the same in the two cases. In part (a), the 
force / is the only horizontal force on the block of mass nt2 and in part (b) / is the only 
horizontal force on the block with m\ > mj. Since /= mia in part (a) and /= m\a in part 
(b), then for the accelerations to be the same,/ must be larger in part (b). 


54. (a) The net force on the system (of total mass M = 80.0 kg) is the force of gravity 
acting on the total overhanging mass (m BC = 50.0 kg). The magnitude of the acceleration 
is therefore a = (m BC g)/M = 6.125 m/s 2 . Next we apply Newton's second law to block C 
itself (choosing down as the +y direction) and obtain 

m c g - T BC = m c a. 

This leads to T BC = 36.8 N. 

1 2 

(b) We use Eq. 2-15 (choosing rightward as the +x direction): Ax = 0 + ^ at = 0.191 m. 


55. The free-body diagrams for m x and m 2 are shown in the figures below. The only 

forces on the blocks are the upward tension T and the downward gravitational forces 
F l - m x g and F 2 = m 2 g . Applying Newton's second law, we obtain: 

y 


T -m x g = m x a 
m 2 g-T = m 2 a 
which can be solved to yield 


a 


y m 2 +m lJ 


g 


Substituting the result back, we have 


y 


a 


^ 2m l m 2 ^ 
ym 1 + m 2 j 


g 


(a) With m t =1.3 kg and m 2 = 2.8 kg , the acceleration becomes 


^2.80kg-1.30kg A 
2.80kg + 1.30kg 


(9.80m/s 2 ) = 3.59 m/s 2 


(b) Similarly, the tension in the cord is 


r= 2(1.30kg)(2.80kg) 8Q ?4N 
1.30kg + 2.80kg 


56. To solve the problem, we note that the acceleration along the slanted path depends on 
only the force components along the path, not the components perpendicular to the path. 
(a) From the free-body diagram shown, we see that the net force on the putting shot along 
the +x-axis is 

F „et..v = F ~ m S sin 6 = 380 -° N " ( 7 - 260 kg)(9.80 m/s 2 ) sin 30° = 344.4 N, 


which in turn gives 

«x = F n et ,x^ m = ( 344 - 4 N)/(7.260 kg) = 47.44 m/s 2 . 

Using Eq. 2-16 for constant-acceleration motion, the speed 
of the shot at the end of the acceleration phase is 


v = ^v 2 0 +2a x Ax = ^(2.500 m/s) 2 +2(47.44 m/s 2 )(1.650 m) 
= 12.76 m/s. 

(b)If 0 = 42°, then 



mg 


F net,, F-mgÁnO 380.0 N - (7.260 kg)(9.80 m/s 2 ) sin 42.00° 


m 


m 


1.260 kg 


45.78 m/s 2 , 


and the final (launch) speed is 

v = ^v 2 Q +2a x Ax = ^(2.500 m/s) 2 + 2(45.78 m/s 2 )(l .650 m) = 12.54 m/s. 

(c) The decrease in launch speed when changing the angle from 30.00° to 42.00° is 

12.76 m/s-12.54 m/s 


12.76 m/s 


0.0169 = 16.9%. 


57. We take +y to be up for both the monkey and the package. 


(a) The force the monkey pulls downward on the rope has magnitude F. According to 
Newton' s third law, the rope pulls upward on the monkey with a force of the same 
magnitude, so Newton's second law for forces acting on the monkey leads to 

F - m m g = m m a m , 

where m m is the mass of the monkey and a m is its acceleration. Since the rope is massless 
F = T is the tension in the rope. The rope pulls upward on the package with a force of 
magnitude F, so Newton' s second law for the package is 

F + F N -m p g = mpa p , 

where m p is the mass of the package, a p is its acceleration, and F N is the normal force 
exerted by the ground on it. Now, if F is the minimum force required to lift the package, 
then F N =0 and a p = 0. According to the second law equation for the package, this means 
F = m p g. Substituting m p g for F in the equation for the monkey, we solve for a m : 

a _ F - m m g _ (m, - m m )g _ (15 kg - 10 kg) (9.8 m/s 2 ) _ ^ ^ 
m m m m lOkg 

(b) As discussed, Newton's second law leads to F — m g = m a for the package and 
F - m m g - m m a m for the monkey. If the acceleration of the package is downward, then 
the acceleration of the monkey is upward, Solving the first equation for F 

F = m p (g + a p ) = m p (g-a m ) 
and substituting this result into the second equation, we solve for a m : 

{m p -m m )g (15kg-10kg)(9.8m/s 2 ) 

a m = — = = 2.0 m/s . 

m p + m m 15 kg + 10 kg 

(c) The result is positive, indicating that the acceleration of the monkey is upward. 

(d) Solving the second law equation for the package, we obtain 

F=m p (g-a m ) = (l5 kg) (9.8 m/s 2 - 2.0 m/s 2 ) = 120N. 


58. Referring to Fig. 5-10(c) is helpful. In this case, viewing the man-rope-sandbag as a 
system means that we should be careful to choose a consistent positive direction of 
motion (though there are other ways to proceed - say, starting with individual application 
of Newton's law to each mass). We take down as positive for the man's motion and up as 
positive for the sandbag's motion and, without ambiguity, denote their acceleration as a. 
The net force on the system is the different between the weight of the man and that of the 
sandbag. The system mass is m sys = 85 kg + 65 kg = 150 kg. Thus, Eq. 5-1 leads to 


which yields a = 1.3 m/s 2 . Since the system starts from rest, Eq. 2-16 determines the 
speed (after traveling Á y = 10 m) as follows: 


(85 kg)(9.8 m/s 2 ) -(65 kg) (9.8 m/s 2 )= m sys a 



59. The free-body diagram for each block is shown below. T is the tension in the cord and 
9 = 30° is the angle of the incline. For block 1, we take the +x direction to be up the 
incline and the +y direction to be in the direction of the normal force F N that the plane 

exerts on the block. For block 2, we take the +y direction to be down. In this way, the 
accelerations of the two blocks can be represented by the same symbol a, without 
ambiguity. Applying Newton's second law to the x and y axes for block 1 and to the y 
axis of block 2, we obtain 

T - m x g sin 9 = m x a 
F N - m x g cos 9=0 
m 2 g - T = m 2 a 

respectively. The first and third of these equations provide a simultaneous set for 
obtaining values of a and T. The second equation is not needed in this problem, since the 
normal force is neither asked for nor is it needed as part of some further computation 
(such as can occur in formulas for friction). 



m 2 g 

T 

y 

(a) We add the first and third equations above: 

mjg - m\g sin 9= m\a + mia. 

Consequently, we find 

[m 2 -m l sin 9)g [2.30 kg-(3.70 kg)sin 30.0 o ] (9.80 m/s 2 ) 


3.70 kg + 2.30 kg 


0.735m/s 2 


(b) The result for a is positive, indicating that the acceleration of block 1 is indeed up the 
incline and that the acceleration of block 2 is vertically down. 

(c) The tension in the cord is 

T=m,a + m l gúvL 6> = (3.70 kg)(0.735 m/s 2 ) + (3.70 kg)(9.80 m/s 2 )sin30.0° =20.8N. 


60. The motion of the man-and-chair is positive if upward. 

(a) When the man is grasping the rope, pulling with a force equal to the tension T in the 
rope, the total upward force on the man-and-chair due its two contact points with the rope 
is 27. Thus, Newton's second law leads to 

27 - mg = ma 
so that when a = 0, the tension is 7= 466 N. 

(b) When a = +1.30 m/s 2 the equation in part (a) predicts that the tension will be 
7 = 527N. 

(c) When the man is not holding the rope (instead, the co-worker attached to the ground 
is pulling on the rope with a force equal to the tension 7 in it), there is only one contact 
point between the rope and the man-and-chair, and Newton' s second law now leads to 

7 - mg = ma 
so that when a = 0, the tension is 7= 931 N. 

(d) When a = +1.30 m/s 2 , the equation in (c) yields 7= 1.05 x 10 3 N. 

(e) The rope comes into contact (pulling down in each case) at the left edge and the right 
edge of the pulley, producing a total downward force of magnitude 27 on the ceiling. 
Thus, in part (a) this gives 27= 931 N. 

(f) In part (b) the downward force on the ceiling has magnitude 27= 1.05 x 10 N. 

(g) In part (c) the downward force on the ceiling has magnitude 2T= 1.86 x 10 N. 

(h) In part (d) the downward force on the ceiling has magnitude 27= 2.1 1 x 10 N. 


61. The forces on the balloon are the force of gravity mg (down) and the force of the air 

F a (up). We take the +y to be up, and use a to mean the magnitude of the acceleration 
(which is not its usual use in this chapter). When the mass is M (before the ballast is 
thrown out) the acceleration is downward and Newton' s second law is 

F a - Mg = -Ma. 

After the ballast is thrown out, the mass is M - m (where m is the mass of the ballast) and 
the acceleration is upward. Newton' s second law leads to 

F a - (M- m)g = (M- m)a. 

The previous equation gives F a = M(g - a), and this plugs into the new equation to give 

M(g - a) - (M - m)g = (M- m)a =í> m = . 

g + a 


62. The horizontal component of the acceleration is determined by the net horizontal 
force. 


(a) If the rate of change of the angle is 


— = (2.00xl(T 2 ) o /s = (2.00xl(T 2 ) o /s 
dt 


1 n rad^ 


= 3.49xl0^rad/s, 


then, using F x = F cos 0 , we find the rate of change of acceleration to be 


da x _ d 
dt dt 


FcosO) FúnOdO (20.0 N)sin25.0 c 


m dt 


5.00 kg 


(3.49xl0~ 4 rad/s) 


= -5. 90x1 0" 4 m/s 3 


(b) If the rate of change of the angle is 
dd 


= -(2.00xl0" 2 )°/s = -(2.00xl0" z ) o /s 


2\o, 


dt 


f 7t rad^ 


= -3.49xl0~ 4 rad/s 


then the rate of change of acceleration would be 


da, d 


dt dt 


Fcos0^ Fsm0d0 (20.0 N)sin 25.0°/ „ An in4 J# v 

= = -- -3.49x10 rad/s 

m m dt 5.00 kg v ' 


= +5. 90x1 0" 4 m/s 3 . 


63. The free-body diagrams for m l and m 2 are shown in the 
figures below. The only forces on the blocks are the upward 
tension T and the downward gravitational forces F i = m x g and 

F 2 = m 2 g . Applying Newton' s second law, we obtain: 

T — m x g = m x a 
m 2 g - T = m 2 a 


which can be solved to give 


m 2 -m, 
y m 2 + m l j 


g 


y 

f 
Tf, 


y 


m 2 


\ÍF 2 


(a) At t = 0, m 10 =1.30kg. With dm l I dt = -0.200 kg/s , we find the rate of change of 
acceleration to be 


da da dm. 


dt dm l dt (m 2 +m w ) 2 dt 


2m 2 g dm l _ 2(2.80 kg)(9.80 m/s 2 ) 
" (2.80 kg + 1.30 kg) 2 


(-0.200 kg/s) = 0.653 m/s 3 


(b) At í = 3.00s, m x = m 10 + (í/m, / dt)t = 1.30 kg + (-0.200 kg/s)(3.00s) = 0.700 kg, and 
the rate of change of acceleration is 


da da dm. 


Ijn^én, __ 2(2.80 kg)(9.80 m/s') _ Q g% ^ 


í/í í/m, í/í (m 2 + m l ) dt (2.80 kg + 0.700 kg) 


(c) The acceleration reaches its maximum value when 


0 = m x = m w + (dm x I dt)t = 1 .30 kg + (-0.200 kg/s)í, 

or t = 6.50 s. 


64. We first use Eq. 4-26 to solve for the launch speed of the shot: 

gx 2 

y-y o =(tan0)x- — - T . 

2(v cos 6) 

With 0 = 34.10°, y 0 =2.11 m and (x, y) = (15.90 m,0), we find the launch speed to be 
v = 1 1 .85 m/s. During this phase, the acceleration is 

v' 2 -vl (11.85 m/s) 2 -(2.50 m/s) 2 An „ , 2 

a = °- = — = 40.63 m/s 2 . 

2L 2(1.65 m) 

Since the acceleration along the slanted path depends on only the force components along 
the path, not the components perpendicular to the path, the average force on the shot 
during the acceleration phase is 


F = m(a + gsm0) = (7.260 kg)[40.63 m/s 2 + (9.80 m/s 2 )sin34.10°] = 334.8 N. 


65. First we analyze the entire system with "clockwise" motion considered positive (that 
is, downward is positive for block C, rightward is positive for block B, and upward is 
positive for block A): mcg - m A g = Ma (where M= mass of the system = 24.0 kg). This 
yields an acceleration of 

a = g(mc - mÀ)IM = 1 .63 m/s . 
Next we analyze the forces just on block C: mcg - T = mca. Thus the tension is 

T=mcg(2m A + m B )/M= 81.7 N. 


66. The +x direction for «2=1.0 kg is "downhill" and the +x direction for mi=3.0 kg is 
rightward; thus, they accelerate with the same sign. 



(a) We apply Newton's second law to the x axis of each box: 

m 2 g sinO - T = m 2 a 
F + T = m x a 

Adding the two equations allows us to solve for the acceleration: 

m o gsin0 + F 
a = 

m x + m 2 

With F = 2.3 N and 6 = 3 0 o , we have a = 1 .8 m/s 2 . We plug back and find T= 3.1 N. 

(b) We consider the "criticai" case where the F has reached the max value, causing the 
tension to vanish. The first of the equations in part (a) shows that a = gsin30° in this 
case; thus, a = 4.9 m/s . This implies (along with T= 0 in the second equation in part (a)) 
that 

J F=(3.0kg)(4.9 m/s 2 ) = 14.7 N -15 N 

in the criticai case. 


67. (a) The acceleration (which equals F/m in this problem) is the derivative of the 
velocity. Thus, the velocity is the integral of F/m, so we find the "area" in the graph (15 
units) and divide by the mass (3) to obtain v - v Q = 15/3 = 5. Since v 0 = 3.0 m/s, then 
v = 8.0m/s. 

(b) Our positive answer in part (a) implies v points in the +x 
direction. 


68. The free-body diagram is shown on the right. Newton's 
second law for the mass m for the x direction leads to 

T x - T 2 - mgsmd= ma 
which gives the difference in the tension in the pull cable: 


T 7 


mg 


T x -T 2 = m(gúnO + a) = (2800 kg)[(9.8 m/s 2 )sin35° + 0.81 m/s : 


= 1.8xl0 4 N. 


69. (a) We quote our answers to many figures - probably more than are truly 
"significant." Here (7682 L)("1.77 kg/L") = 13597 kg. The quotation marks around the 
1.77 are due to the fact that this was believed (by the flight crew) to be a legitimate 
conversion factor (it is not). 

(b) The amount they felt should be added was 22300 kg - 13597 kg = 87083 kg, which 
they believed to be equivalent to (87083 kg)/("1.77 kg/L") = 4917 L. 

(c) Rounding to 4 figures as instructed, the conversion factor is 1.77 lb/L — > 0.8034 kg/L, 
so the amount on board was (7682 L)(0.8034 kg/L) = 6172 kg. 

(d) The implication is that what as needed was 22300 kg - 6172 kg = 16128 kg, so the 
request should have been for (16128 kg)/(0.8034 kg/L) = 20075 L. 

(e) The percentage of the required fuel was 

7682 L (on board) + 4917 L (added) _ 
(22300 kg required) /(0.8034 kg/L) " 45/o> 


70. We are only concerned with horizontal forces in this problem (gravity plays no direct 
role). Without loss of generality, we take one of the forces along the +x direction and the 
other at 80° (measured counterclockwise from the x axis). This calculation is efficiently 
implemented on a vector capable calculator in polar mode, as follows (using magnitude- 
angle notation, with angles understood to be in degrees): 

F net = (20 Z 0) + (35 Z 80) = (43 Z 53) => | F net \ = 43 N . 
Therefore, the mass is m = (43 N)/(20 m/s z ) = 2.2 kg. 


71. The goal is to arrive at the least magnitude of F net , and as long as the magnitudes of 
F 2 and F 3 are (in total) less than or equal to F x then we should orient them opposite to 
the direction of F l (which is the +x direction). 

(a) We orient both F 2 and F 3 in the -x direction. Then, the magnitude of the net force is 
50 - 30 - 20 = 0, resulting in zero acceleration for the tire. 

(b) We again orient F 2 and F 3 in the negative x direction. We obtain an acceleration 
along the +x axis with magnitude 

F-F 2 -F 3 50N-30N-10N „ no , 2 

a = — - = = 0.83 m/s 2 . 

m 12 kg 

(c) In this case, the forces F 2 and F 3 are collectively strong enough to have y components 
(one positive and one negative) which cancel each other and still have enough x 
contributions (in the -x direction) to cancel F l . Since F 2 = F 3 , we see that the angle 

above the -x axis to one of them should equal the angle below the -x axis to the other one 
(we denote this angle 0). We require 

-50 N =F 2x +F 3x =-(30N)cos6>- (30N)cos# 


which leads to 


72. (a) A small segment of the rope has mass and is pulled down by the gravitational 
force of the Earth. Equilibrium is reached because neighboring portions of the rope pull 
up sufficiently on it. Since tension is a force along the rope, at least one of the 
neighboring portions must slope up away from the segment we are considering. Then, the 
tension has an upward component which means the rope sags. 

(b) The only force acting with a horizontal component is the applied force F. Treating 
the block and rope as a single object, we write Newton's second law for it: F = (M + m)a, 
where a is the acceleration and the positive direction is taken to be to the right. The 
acceleration is given by a = F/(M+ m). 

(c) The force of the rope F r is the only force with a horizontal component acting on the 
block. Then Newton' s second law for the block gives 

F.-Ma- MF 


M + m 

where the expression found above for a has been used. 

(d) Treating the block and half the rope as a single object, with mass M + \m , where the 

horizontal force on it is the tension T m at the midpoint of the rope, we use Newton' s 
second law: 


T_ = 


1 


M h — m 

V 2 j 


a = 


(M + m/2)F _ (2M + m)F 
[M + m) 2(M + m) 


73. Although the full specification of F net = ma in this situation involves both x and y 
axes, only the x-application is needed to find what this particular problem asks for. We 
note that a y = 0 so that there is no ambiguity denoting a x simply as a. We choose +x to the 
right and +y up. We also note that the x component of the rope's tension (acting on the 
crate) is 

F x = Fcos#= (450 N) cos 38° = 355 N, 
and the resistive force (pointing in the -x direction) has magnitude /= 125 N. 
(a) Newton' s second law leads to 


(b) In this case, we use Eq. 5-12 to find the mass: m = W/g = 31.6 kg. Now, Newton's 
second law leads to 


F x -f = ma => a = 


355 N- 125 N 


= 0.74 m/s 2 . 


310 kg 


T x - f = ma => a = 


355 N -125 N 
31.6kg 


= 7.3 m/s 2 . 


74. Since the velocity of the particle does not change, it undergoes no acceleration and 
must therefore be subject to zero net force. Therefore, 

F vt =F l + F 2 +F 3 = 0. 
Thus, the third force F i is given by 

p 3 = -F í -F 2 = -(2Í + 3j - 2k)N - (-5Í + 8j - 2k)N = (3Í - 1 lj + 4k) N. 
The specific value of the velocity is not used in the computation. 


75. (a) Since the performer's weight is (52 kg)(9.8 m/s ) = 510 N, the rope breaks. 
(b) Setting T= 425 N in Newton's second law (with +y upward) leads to 

T 

T - mg = ma => a = g 

m 

which yields \a\ = 1.6 m/s . 


76. (a) For the 0.50 meter drop in "free-fall", Eq. 2-16 yields a speed of 3.13 m/s. Using 
this as the "initial speed" for the final motion (over 0.02 meter) during which his motion 
slows at rate "a", we find the magnitude of his average acceleration from when his feet 
first touch the pátio until the moment his body stops moving is a = 245 m/s 2 . 

(b) We apply Newton's second law: F stop - mg = ma => F stop = 20.4 kN. 


77. We begin by examining a slightly different problem: similar to this figure but without 
the string. The motivation is that if (without the string) block A is found to accelerate 
faster (or exactly as fast) as block B then (returning to the original problem) the tension in 
the string is trivially zero. In the absence of the string, 

ãA = F A IrriA = 3.0 m/s 2 
a B = F B lm B = 4.0 m/s 

so the trivial case does not occur. We now (with the string) consider the net force on the 
system: Ma = F A + F B = 36 N. Since M= 10 kg (the total mass of the system) we obtain a 
= 3.6 m/s 2 . The two forces on block A are F A and 7"(in the same direction), so we have 


m A a = F A + T 7=2.4N. 


78. With SI units understood, the net force on the box is 

F net = (3.0 + 14cos30°-ll)í+ (14 sin30° + 5.0-17)] 

which yields F net = (4. 1 N)í - (5.0 N)j . 

(a) Newton's second law applied to the m = 4.0 kg box leads to 

a =^bêL = (1.0m/s 2 )í-(1.3m/s 2 )j . 
m 

(b) The magnitude of a is a = ^(1.0 m/s 2 ) 2 +(-1.3 m/s 2 ) =1.6 m/s 2 . 

(c) Its angle is tarf 1 [(-1.3 m/s )/(1.0 m/s )] = -50° (that is, 50° measured clockwise from 
the rightward axis). 


79. The "certain force" denoted F is assumed to be the net force on the object when it 

2 2 

gives m\ an acceleration ai = 12 m/s and when it gives m 2 an acceleration «2 = 3.3 m/s . 
Thus, we substitute m\ = Fla\ and m 2 = F/a 2 in appropriate places during the following 
manipulations. 

(a) Now we seek the acceleration a of an object of mass m 2 - m\ when F is the net force 
on it. Thus, 

F F a,a^ 

a =- - - 1 ~ 


m 2 —m l (F I a 2 )-(F I a x ) a x -a 2 

which yields a = 4.6 m/s . 

(b) Similarly for an object of mass m 2 + nt\: 


F F a,a n 

a=- 


m 2 +m l (F I a 2 ) + (F I a x ) a x +a 2 


which yields a = 2.6 m/s 2 . 


80. We use the notation g as the acceleration due to gravity near the surface of Callisto, m 
as the mass of the landing craft, a as the acceleration of the landing craft, and F as the 
rocket thrust. We take down to be the positive direction. Thus, Newton's second law 
takes the form mg - F = ma. If the thrust is F\ (= 3260 N), then the acceleration is zero, 
so mg - F\ = 0. If the thrust is F 2 (= 2200 N), then the acceleration is ai (= 0.39 m/s ), so 
mg- F2 = mã2. 

(a) The first equation gives the weight of the landing craft: mg = F\ = 3260 N. 

(b) The second equation gives the mass: 

mg-F 2 3260 N- 2200 N ^ n , , 

m = — = , = 2.7 x IO 3 kg . 

a 2 0.39 m/s 2 

(c) The weight divided by the mass gives the acceleration due to gravity: 


g = (3260 N)/(2.7 x IO 3 kg) = 1.2 m/s 2 . 


81. From the reading when the elevator was at rest, we know the mass of the object is m 
= (65 N)/(9.8 m/s ) = 6.6 kg. We choose +y upward and note there are two forces on the 
object: mg downward and T upward (in the cord that connects it to the balance; T is the 
reading on the scale by Newton's third law). 

(a) "Upward at constant speed" means constant velocity, which means no acceleration. 
Thus, the situation is just as it was at rest: T= 65 N. 

(b) The term "deceleration" is used when the acceleration vector points in the direction 
opposite to the velocity vector. We're told the velocity is upward, so the acceleration 
vector points downward (a = -2.4 m/s 2 ). Newton's second law gives 


T-mg = ma => T = (6.6 kg)(9.8 m/s 2 -2.4 m/s 2 ) = 49 N. 


82. We take +x uphill for the mj = 1.0 kg box and +x rightward for the mr 3.0 kg box (so 
the accelerations of the two boxes have the same magnitude and the same sign). The 
uphill force on mi is F and the downhill forces on it are T and mjg sin 8, where 6= 37°. 
The only horizontal force on m\ is the rightward-pointed tension. Applying Newton' s 
second law to each box, we find 


F — T- m 2 g sin 0 = m 2 a 
T - m x a 


which can be added to obtain F - m 2 g sin 0= {m\ + m 2 )a. This yields the acceleration 

1.0kg)(9.8m/s 2 
1.0 kg + 3.0 kg 


a = 12N-(1.0kg)(9.8rf>sin37° = u53m/ ^ 


Thus, the tension is T= mia = (3.0 kg)(1.53 m/s ) = 4.6 N. 


83. Weapply Eq. 5-12. 

(a) The mass is m = W/g = (22 N)/(9.8 m/s 2 ) = 2.2 kg. At a place where g = 4.9 m/s 2 , the 
mass is still 2.2 kg but the gravitational force is F g = mg = (2.2 kg) (4.0 m/s 2 ) = 1 1 N. 

(b) As noted, m = 2.2 kg. 

(c) At a place where g = 0 the gravitational force is zero. 

(d) The mass is still 2.2 kg. 


84. We use W p - mgp, where W p is the weight of an object of mass m on the surface of a 
certain planet p, and g p is the acceleration of gravity on that planet. 

(a) The weight of the space ranger on Earth is 

W e = mg e = (75 kg) (9.8 m/s 2 ) = 7.4 x IO 2 N. 

(b) The weight of the space ranger on Mars is 

W m = mg m = (75 kg) (3.7 m/s 2 ) = 2.8 x IO 2 N. 

(c) The weight of the space ranger in interplanetary space is zero, where the effects of 
gravity are negligible. 

(d) The mass of the space ranger remains the same, m=75 kg, at ali the locations. 


85. (a) WhenF net = 3F - mg = O, we have 

F = ^mg = ^(1400 kg) (9.8 m/s 2 ) = 4.6 x IO 3 N 

for the force exerted by each bolt on the engine. 

(b) The force on each bolt now satisfies 3F - mg = ma, which yields 

F = -m(g + a) = -(1400 kg) (9.8 m/s 2 +2.6 m/s 2 ) =5. 8 x IO 3 N. 


86. We take the down to be the +y direction. 


(a) The first diagram (shown below left) is the free-body diagram for the person and 
parachute, considered as a single object with a mass of 80 kg + 5.0 kg = 85 kg. 


F t 

1 a 


mg v 


F a 


m P g | 


I F n 


F a is the force of the air on the parachute and mg is the force of gravity. Application of 
Newton's second law produces mg - F a = ma, where a is the acceleration. Solving for F a 
we find 

F a = m (g- a ) = (85 kg) (9.8 m/s 2 -2.5 m/s 2 ) = 620 N. 


(b) The second diagram (above right) is the free-body diagram for the parachute alone. 
F a is the force of the air, m p g is the force of gravity, and F p is the force of the person. 
Now, Newton's second law leads to 

m p g + F p -F a = m p a. 

Solving for F p , we obtain 

F p =m p (a- g)+F a = (5.0 kg)(2.5 m/s 2 -9.8 m/s 2 )+ 620N= 580 N. 


87. (a) Intuition readily leads to the conclusion that the heavier block should be the 
hanging one, for largest acceleration. The force that "drives" the system into motion is 
the weight of the hanging block (gravity acting on the block on the table has no effect on 
the dynamics, so long as we ignore friction). Thus, m = 4.0 kg. 

The acceleration of the system and the tension in the cord can be readily obtained by 


solving 


mg — T = ma 


T = Ma. 


(b) The acceleration is given by 


m 


g - 6 . 5 m/s 2 . 


a 


V 


m + M 


J 


(c) The tension is 


Mm 


T - Ma - 


g = 13N. 


V 


m + M 


J 


88. We assume the direction of motion is +x and assume the refrigerator starts from rest 
(so that the speed being discussed is the velocity v which results from the process). The 
only force along the x axis is the x component of the applied force F . 

(a) Since v 0 = 0, the combination of Eq. 2-11 and Eq. 5-2 leads simply to 





f F cos0 l 


m 


=> v i = 




KtJ 


V m 

) 


for i = 1 or 2 (where we denote 6\ = 0 and &i = O for the two cases). Hence, we see that 
the ratio v 2 over v\ is equal to cos 0. 

(b) Since v 0 = 0, the combination of Eq. 2-16 and Eq. 5-2 leads to 

F x =m => v,. = 2 Ar 

v 2Ax j y ^ m ) 

for í = 1 or 2 (again, #i = 0 and = ^is used for the two cases). In this scenario, we see 
that the ratio v 2 over vi is equal to Vcos# . 


89. The mass of the pilot is m = 735/9.8 = 75 kg. Denoting the upward force exerted by 
the spaceship (his seat, presumably) on the pilot as F and choosing upward the +y 
direction, then Newton' s second law leads to 


F-mg moon =ma => F = (75 kg)(l.6 m/s 2 + 1.0 m/s 2 )= 195 N. 


90. We denote the thrust as rand choose +y upward. Newton's second law leads to 

T -Mg =Ma => a= 2 - 6xl ° N -9,8 m/s 2 =10m/s 2 . 

1.3xl0 4 kg 


91. (a) The bottom cord is only supporting m 2 = 4.5 kg against gravity, so its tension is 

T 2 = mzg = (4.5 kg)(9.8 m/s 2 ) = 44 N. 


(b) The top cord is supporting a total mass of m\ + m 2 = (3.5 kg + 4.5 kg) = 8.0 kg against 
gravity, so the tension there is 

Ti= (mi + m 2 )g = (8.0 kg)(9.8 m/s 2 ) = 78 N. 

(c) In the second picture, the lowest cord supports a mass of ms = 5.5 kg against gravity 
and consequently has a tension of T 5 = (5.5 kg)(9.8 m/s 2 ) = 54 N. 

(d) The top cord, we are told, has tension T3 =199 N which supports a total of (199 
N)/(9.80 m/s 2 ) = 20.3 kg, 10.3 kg of which is already accounted for in the figure. Thus, 
the unknown mass in the middle must be = 20.3 kg - 10.3 kg = 10.0 kg, and the 
tension in the cord above it must be enough to support 

m 4 +m 5 = (10.0 kg + 5.50 kg) = 15.5 kg, 

so 7/4 = (15.5 kg)(9.80 m/s ) = 152 N. Another way to analyze this is to examine the 
forces on m?,; one of the downward forces on it is T\. 


92. (a) With SI units understood, the net force is 

F net =F X +F 2 = (3.0N+ (-2.0N))Í + (4.0N + (-6.0N))j 


whichyields F net =(1.0 N)i -(2.0 N) j. 


(b) The magnitude of F net is F net = ^(1.0 N) 2 + (-2.0 N) 2 = 2.2 N. 


(c) The angle of F net is 


(d) The magnitude of a is 


6> = tan -1 


^ -2.0N ^ 
v 1-0N y 


= -63°. 


a = F net /m = (2.2 N) l(\ .0 kg) = 2.2 m/s 2 


(e) Since F net is equal to a multiplied by mass m, which is a positive scalar that cannot 
affect the direction of the vector it multiplies,a has the same angle as the net force, i.e, 
6 - -63°. In magnitude-angle notation, we may write a = (2.2 m/s 2 Z - 63°). 


93. According to Newton' s second law, the magnitude of the force is given by F = ma, 
where a is the magnitude of the acceleration of the neutron. We use kinematics (Table 2- 
1) to find the acceleration that brings the neutron to rest in a distance d. Assuming the 
acceleration is constant, then v 2 = v 2 + 2ad produces the value of a: 

(v 2 -v 0 2 ) -(1.4 x 10 7 m/s) 2 

a = ^ ^ = ) — '—= -9.8 x IO 27 m/s 2 . 

2d 2(1.0 x IO" 14 m) 

The magnitude of the force is consequently 


F = ma = (l.67xl(T 27 kg) (9.8 x IO 27 m/s 2 ) = 16 N. 


94. Making separate free-body diagrams for the helicopter and the truck, one finds there 
are two forces on the truck ( T upward, caused by the tension, which we'll think of as that 
of a single cable, and mg downward, where m = 4500 kg) and three forces on the 

helicopter (T downward, ^ ift upward, and Mg downward, where M = 15000 kg). With 
+y upward, then a = +1 .4 m/s 2 for both the helicopter and the truck. 

(a) Newton's law applied to the helicopter and truck separately gives 

F m -T-Mg = Ma 
T - mg = ma 

which we add together to obtain 

F im - (M + m)g = (M + m)a. 

From this equation, we find Fua = 2.2 x 10 5 N. 

(b) From the truck equation T- mg = ma we obtain T= 5. 0 x 10 4 N. 



mg Y 


95. The free-body diagrams is shown on the right. 
Note that F mr andF m r , respectively, and thought 

of as the y and x components of the force F m r y 
exerted by the motorcycle on the rider. 

(a) Since the net force equals ma, then the 
magnitude of the net force on the rider is 
(60.0 kg) (3.0 m/s 2 ) = 1.8 x IO 2 N. 

(b) We apply Newton's second law to the x axis: 

Fm,r ~ m S s i n 0 = ma 

where m = 60.0 kg, a = 3.0 m/s 2 , and 0 = 10°. Thus, F m = 282 N Applying it to the y 
axis (where there is no acceleration), we have 

- mgcos 0 = 0 

which produces F m r = 579 N . Using the Pythagorean theorem, we find 


m.iy 


F~. +F:,. = 644 N. 


Now, the magnitude of the force exerted on the rider by the motorcycle is the same 
magnitude of force exerted by the rider on the motorcycle, so the answer is 6.4 x IO 2 N, 
to two significant figures. 


96. We write the length unit light-month, the distance traveled by light in one month, as 
c-month in this solution. 


(a) The magnitude of the required acceleration is given by 
Av (0.10) (3.0 x IO 8 m/s) 


a = 


At (3.0 days) (86400 s/day) 
(b) The acceleration in terms of g is 


12 x IO 2 m/s 2 


a - 


V 

f 


8 = 


V 


1. 2 x IO 2 m/s 2 A 
9.8 m/s 2 


(c) The force needed is 

F =ma =(l.20 x IO 6 kg)(l.2 x IO 2 m/s 2 )= 1.4 x IO 8 N. 

(d) The spaceship will travei a distance d = 0.1 c-month during one month. The time it 
takes for the spaceship to travei at constant speed for 5.0 light-months is 

d 5.0 c months 

t = — = = 50 months = 4.2 years. 

v 0.1c 


97. The coordinate choices are made in the problem statement. 


(a) We write the velocity of the armadillo as v = v x i + v j . Since there is no net force 

exerted on it in the x direction, the x component of the velocity of the armadillo is a 
constant: v x = 5.0 m/s. In the y direction at t = 3.0 s, we have (using Eq. 2-11 with 

%=0) 


V y = V + 


^ 17N ^ 
12kg" 


(3.0 s) = 4.3 m/s. 


Thus, v= (5.0m/s)i+ (4.3 m/s) j. 

(b) We write the position vector of the armadillo as r = r x i + r y j . At t = 3.0 s we have 
r x = (5.0 m/s) (3.0 s) = 15 m and (using Eq. 2-15 with vç> y = 0) 


1 2 1 


1 


17N 
12kg" 


(3.0 sf =6.4 m. 


The position vector at t = 3.0 s is therefore 


r = (15 m)í + (6.4 m)j . 


98. (a) From Newton's second law, the magnitude of the maximum force on the 
passenger from the fioor is given by 

F max -mg = ma where a = a max = 2.0 m/ s 2 

we obtain F N = 590 N for m = 50 kg. 

(b) The direction is upward. 

(c) Again, we use Newton' s second law, the magnitude of the minimum force on the 
passenger from the fioor is given by 

F min - mg = ma where a = a min = -3.0 m/s 2 . 

Now, we obtain F N = 340 N. 

(d) The direction is upward. 

(e) Returning to part (a), we use Newton's third law, and conclude that the force exerted 
by the passenger on the fioor is | F PF \ = 590 N. 

(f) The direction is downward. 


99. The +x axis is "uphill" for m\ = 3.0 kg and "downhill" for m 2 = 2.0 kg (so they both 
accelerate with the same sign). The x components of the two masses along the x axis are 
given by w lx = m l gsin0 l and w 2x = m 2 gs'm0 2 , respectively. 



Applying Newton' s second law, we obtain 

T — m x g sin<9j = m x a 
m 2 g sin 6 2 -T = m 2 a 

Adding the two equations allows us to solve for the acceleration: 


a 


ia sin# 2 -m l sin#j 
m 2 +m 1 


g 


With 9 X =30° and 0 2 =60°, we have a = 0.45 m/s . This value is plugged back into 
either of the two equations to yield the tension T= 16 N. 


100. (a) In unit vector notation, 

ma =(-3.76 N) í + (1.37N) j. 
Thus, Newton's second law leads to 

F 2 = ma - Fi = (- 6.26 N) í - (3.23 N) j . 

(b) The magnitude of F 2 is F 2 = ^(-6.26 N) 2 +(-3.23 N) 2 = 7.04 N. 

(c) SinceF 2 is in the third quadrant, the angle is 


0 = tan 1 


^-3.23N^ 


-6.26N 


= 207°. 


counterclockwise from positive direction ofx axis (or 153° clockwise from +x). 


101. We first analyze the forces on m\=l.O kg. 



The +x direction is "downhill" (parallel to T). 

With the acceleration (5.5 m/s ) in the positive x direction for m\, then Newton's second 
law, applied to the x axis, becomes 

T+ mjgsin /3 = m l (5.5m/s 2 ) 

But for «2=2.0 kg, using the more familiar vertical y axis (with up as the positive 
direction), we have the acceleration in the negative direction: 

F + T-m 2 g = m 2 (-5.5m/s 2 ) 

where the tension comes in as an upward force (the cord can pull, not push). 

(a) From the equation for 1112, with F = 6.0 N, we find the tension T = 2.6 N. 

(b) From the equation for m, using the result from part (a), we obtain the angle /3 = 17° . 


102. (a) The word "hovering" is taken to imply that the upward (thrust) force is equal in 
magnitude to the downward (gravitational) force: mg = 4.9 x IO 5 N. 

(b) Now the thrust must exceed the answer of part (a) by ma = 10 x IO 5 N, so the thrust 
mustbe 1.5 x 10 6 N. 


103. (a) Choosing the direction of motion as +x, Eq. 2-11 gives 

88.5 km/h - 0 

a = = 15 km/h/s. 

6.0 s 

Converting to SI, this is a = 4.1 m/s . 

(b) With mass m = 2000/9.8 = 204 kg, Newton's second law gives F = ma = 836 N in 
the +x direction. 


104. (a) With v 0 = O, Eq. 2-16 leads to 


2 


(6.0x1 0 6 m/s) 2 
2(0.015 m) 


v 


= 1.2xl0 15 m/s 2 . 


a - 


2Ax 


The force responsible for producing this acceleration is 

F = ma = (9.11x IO" 31 kg)(1.2xl0 15 m/s 2 ) = l.lxlO -15 N. 

(b) The weight is mg = 8.9 x 10" N, many orders of magnitude smaller than the result of 
part (a). As a result, gravity plays a negligible role in most atomic and subatomic 
processes. 


1. We do not consider the possibility that the bureau might tip, and treat this as a purely 
horizontal motion problem (with the person's push F in the +x direction). Applying 
Newton's second law to the x and y axes, we obtain 

F -/ s ,max = ma 
F n ~ m S = 0 

respectively. The second equation yields the normal force F N = mg, whereupon the 
maximum static friction is found to be (from Eq. 6-1) f s mãX = M s mg . Thus, the first 

equation becomes 

F - H s mg = ma = 0 

where we have set a = 0 to be consistent with the fact that the static friction is still (just 
barely) able to prevent the bureau from moving. 

(a) With ju s = 0.45 and m = 45 kg, the equation above leads to F = 198 N. To bring the 
bureau into a state of motion, the person should push with any force greater than this 
value. Rounding to two significant figures, we can therefore say the minimum required 
push isF=2.0x 10 2 N. 

(b) Replacing m = 45 kg with m = 28 kg, the reasoning above leads to roughly 
F = 1.2xl0 2 N. 


2. To maintain the stone's motion, a horizontal force (in the +x direction) is needed that 
cancels the retarding effect due to kinetic friction. Applying Newton's second to the x 
and y axes, we obtain 

F — f k - ma 
F n ~ m S = 0 

respectively. The second equation yields the normal force F N = mg, so that (using Eq. 6-2) 
the kinetic friction becomes/i = jUk mg. Thus, the first equation becomes 

F - H k mg = ma = 0 

where we have set a = 0 to be consistent with the idea that the horizontal velocity of the 
stone should remain constant. With m = 20 kg and /4 = 0.80, we find F= 1.6 X 10 N. 


3. We denote F as the horizontal force of the person exerted on the crate (in the +x 

direction), f k is the force of kinetic friction (in the —x direction), F N is the vertical 

normal force exerted by the floor (in the +y direction), and mg is the force of gravity. 

The magnitude of the force of friction is given byfk = jUkF N (Eq. 6-2). Applying Newton's 
second law to the x and y axes, we obtain 

F -f k = ma 
F n ~ m S = 0 

respectively. 

(a) The second equation yields the normal force F N = mg, so that the friction is 

f k = ju k mg = (0.35)(55 kg)(9.8 m/s 2 )= 1.9 x IO 2 N . 

(b) The first equation becomes 

F - ju k mg = ma 
which (with F = 220 N) we solve to find 

F 2 

a = jU k g = 0.56 ml s . 

m 


4. The free-body diagram for the player is shown next. F N is the 

normal force of the ground on the player, mg is the force of gravity, 

and / is the force of friction. The force of friction is related to the 

normal force by/= /4F W . We use Newton' s second law applied to 
the vertical axis to find the normal force. The vertical component of 
the acceleration is zero, so we obtain F N - mg = 0; thus, F N = mg. 
Consequently, 


M k = 


f _ 470N 
iV~(79kg) (9.8m/s 2 ) 


= 0.61. 


5. The greatest deceleration (of magnitude a) is provided by the maximum friction force 
(Eq. 6-1, with F N = mg in this case). Using Newton's second law, we find 

a =/s,max/w =/4g. 

Eq. 2-16 then gives the shortest distance to stop: |Ax| = v 2 /2a = 36 m. In this calculation, 
it is important to first convert v to 13 m/s. 


6. We first analyze the forces on the pig of mass m. The incline angle is 6. 



fk 


The +x direction is "downhill. 


Application of Newton's second law to the x- and j-axes leads to 


mgsin 0 - f k = ma 
F N -mg cos 0 = 0. 


Solving these along with Eq. 6-2 (fk = jUkF N ) produces the following result for the pig's 
downhill acceleration: 

a=g{sÍYíd-/LL k cosO) . 
To compute the time to slide from rest through a downhill distance l , we use Eq. 2-15: 

1 Í2i 
£ = v 0 t + -at 2 => t = J — . 

2 V a 

We denote the frictionless (/4 = 0) case with a prime and set up a ratio: 


which leads us to conclude that if t/t' = 2 then a' = 4a. Putting in what we found out 
above about the accelerations, we have 

gsin#=4g [smd-jU k cos#) . 
Using 9= 35°, we obtain ji k = 0.53. 



7. We choose +x horizontally rightwards and +y upwards and observe that the 15 N force 
has components F x = F cos #and F y = - F sin d. 

(a) We apply Newton's second law to the y axis: 

F N - F sin#- mg = 0 F N = (15 N) sin 40° + (3.5 kg) (9.8 m/s 2 ) = 44 N. 

With ju k = 0.25, Eq. 6-2 leads to/ A = 1 1 N. 

(b) We apply Newton' s second law to the x axis: 

(15N)cos40°-11N 

F cos 0-f t = ma => a=± '- = 0.14 m/s 2 . 

3.5 kg 

Since the result is positive-valued, then the block is accelerating in the +x (rightward) 
direction. 


8. In addition to the forces already shown in Fig. 6-21, a free-body diagram would 
include an upward normal force F N exerted by the floor on the block, a downward mg 

representing the gravitational pull exerted by Earth, and an assumed-leftward / for the 
kinetic or static friction. We choose +x rightwards and +y upwards. We apply Newton's 
second law to these axes: 

F-f = ma 
P + F N -mg=0 

where F = 6.0 N and m = 2.5 kg is the mass of the block. 

(a) In this case, P = 8.0 N leads to 

F N = (2.5 kg)(9.8 m/s 2 ) - 8.0 N = 16.5 N. 

Using Eq. 6-1, this implies / !mai =/// lV =6.6N , which is larger than the 6.0 N 

rightward force - so the block (which was initially at rest) does not move. Putting a = 0 
into the first of our equations above yields a static friction force of f=P = 6.0 N. 

(b) In this case, P = 10 N, the normal force is F N = (2.5 kg)(9.8 m/s 2 ) - 10 N = 14.5 N. 
Using Eq. 6-1, this implies f s max = jU s F N =5.8 N , which is less than the 6.0 N rightward 

force - so the block does move. Hence, we are dealing not with static but with kinetic 
friction, which Eq. 6-2 reveals to be f k = jU k F N = 3 . 6 N . 

(c) In this last case, P = 12 N leads to F N = 12.5 N and thus to / smax = ju s F N = 5.0 N , 

which (as expected) is less than the 6.0 N rightward force - so the block moves. The 
kinetic friction force, then, is f k = jU k F N = 3 . 1 N . 


9. Applying Newton's second law to the horizontal motion, we have F - fAmg = ma, 
where we have used Eq. 6-2, assuming that F N = mg (which is equivalent to assuming 
that the vertical force from the broom is negligible). Eq. 2-16 relates the distance traveled 
and the final speed to the acceleration: v 2 = 2aAx. This gives a = 1.4 m/s 2 . Returning to 
the force equation, we find (with F = 25 N and m = 3.5 kg) that /4= 0.58. 


10. There is no acceleration, so the (upward) static friction forces (there are four of them, 
one for each thumb and one for each set of opposing fingers) equals the magnitude of the 
(downward) pull of gravity. Using Eq. 6-1, we have 

4// s iv=^ = (V9kg)(9.8m/s 2 ) 
which, with ju s = 0.70, yields F N = 2.8 x IO 2 N. 


1 1 . We denote the magnitude of 1 10 N force exerted by the worker on the crate as F. The 
magnitude of the static frictional force can vary between zero and f s max = jU s F N . 

(a) In this case, application of Newton' s second law in the vertical direction yields 
F N =mg. Thus, 

=//.A=//. s mg = (0.37)(35kg)(9.8m/s 2 ) = 1.3xl0 2 N 
which is greater than F. 

(b) The block, which is initially at rest, stays at rest since F < f s> max . Thus, it does not 
move. 

(c) By applying Newton' s second law to the horizontal direction, that the magnitude of 
the frictional force exerted on the crate is f s = 1 . lxl O 2 N . 

(d) Denoting the upward force exerted by the second worker as F 2 , then application of 
Newton's second law in the vertical direction yields F N = mg - F 2 , which leads to 

f s ,m„=M s F N =MÁmg-F 2 ). 

In order to move the crate, F must satisfy the condition F >/ ç , max = jU s (mg - F2) 
or 

110N> (0.37)[(35kg)(9.8m/s 2 )-F 2 ]. 

The minimum value of F 2 that satisfies this inequality is a value slightly bigger than 
45.7 N , so we express our answer as F 2j m i n = 46 N. 

(e) In this final case, moving the crate requires a greater horizontal push from the worker 
than static friction (as computed in part (a)) can resist. Thus, Newton' s law in the 
horizontal direction leads to 

F + F 2 >f,, m => HO N + F 2 > 126.9 N 

which leads (after appropriate rounding) to F 2 , m in = 17 N. 


12. (a) Using the result obtained in Sample Problem 6-2, the maximum angle for which 
static friction applies is 

0 =tan _1 u =tan _1 0.63 - 32° . 

IIldA • S 

This is greater than the dip angle in the problem, so the block does not slide. 

(b) We analyze forces in a manner similar to that shown in Sample Problem 6-3, but with 
the addition of a downhill force F. 

F + mgsm0-f s max = ma = 0 
F N - mg cos 0 = 0. 

Along with Eq. 6-1 (f s> max = jU s F N ) we have enough information to solve for F. With 
0 = 24° and m = 1 .8 x IO 7 kg, we find 


F=mg(ju s cos#-sin#)=3.0xl0 7 N. 


13. (a) The free-body diagram for the crate is shown on 
the right. T is the tension force of the rope on the crate, 
F N is the normal force of the floor on the crate, mg is the 

force of gravity, and / is the force of friction. We take 
the +x direction to be horizontal to the right and the +y 
direction to be up. We assume the crate is motionless. The 
equations for the x and the y components of the force 
according to Newton's second law are: 

7 cos 0-f=O 
Tsin0 + F N -mg = 0 



N 


T 


mg 


where 0 = 15° is the angle between the rope and the horizontal. The first equation gives / 
= T cos 0and the second gives F N = mg - T sin 0. If the crate is to remain at rest,/ must 
be less than /n s F N , or T cos 0< ju s (mg - T sin0). When the tension force is sufficient to 
just start the crate moving, we must have 


T cos 0= ju s (mg - T sin 0). 


We solve for the tension: 
ju s mg 


T = 


(0.50) (68 kg) (9.8 m/s 2 ) 
cos 0+ jU s sin 0~ cos 15° + 0.50 sin 15° 


= 304 N« 3.0xl0 2 N. 


(b) The second law equations for the moving crate are 

Tcos 0 f= ma 
F N + Tsin 0- mg = 0. 

Now / =jUkFN, and the second equation gives F N = mg - Tsin0, which yields 
/ = jU k (mg -Tsin0) . This expression is substituted for/in the first equation to obtain 


so the acceleration is 


T cos 6— flk (mg - T sin 0) = ma, 
T(cos 0+ jU k sin 0) 


a = 


m 


Numerically, it is given by 

(304 N)(cosl5° + 0.35 sin 15°) 


a = 


68 kg 


- (0.35) (9.8 m/s 2 ) = 1.3 m/s 2 


14. (a) The free-body diagram for the block is shown on the 
right, with F being the force applied to the block, F N the 
normal force of the floor on the block, mg the force of gravity, 

and / the force of friction. We take the +x direction to be 
horizontal to the right and the +y direction to be up. The 
equations for the x and the y components of the force according 
to Newton' s second law are: 

F x = F cos0- f = ma 
F y = F sin# + F N — mg = 0 


ííf, 



N 


mg 


Now / =jUkFN, and the second equation gives F N = mg - Fsin0, which yields 
/ = j u k (mg-Fsin0) . This expression is substituted for fin the first equation to obtain 


so the acceleration is 


F cos 0- /ik (mg - F sin 0) = ma, 


p 

a = — (cos 0+ jU k sin 0)- jU k g . 
m 


(a) If ju s = 0.600 and ju k =0.500, then the magnitude of / has a maximum value of 

X,™ =H S F N =(0.600)(mg-0.500mgsin20°) = 0.497mg. 

On the other hand, Fcos^ = 0.500mgcos20° = 0.470mg. Therefore, Fcos0<f smnx and 
the block remains stationary with a — 0 . 

(b) If n s = 0.400 and jU k = 0.300, then the magnitude of / has a maximum value of 

X,™ = = (0.400)(mg-0.500mgsin20°) = 0.332mg. 


In this case, Fcos^ = 0.500mgcos20° = 0.470mg >/ smax . Therefore, the acceleration of 
the block is 

p 

a - — (cos 0+ jU k sin 0) - [i k g 
m 

= (0.500)(9.80m/s 2 )[cos20 o + (0.300)sin20°]-(0.300)(9.80m/s 2 ) 
= 2.17 m/s 2 . 


15. An excellent discussion and equation development related to this problem is given in 
Sample Problem 6-2. We merely quote (and apply) their main result: 


0 = tan" 1 // s =tan" 1 0.04 - 2 o . 


16. (a) We apply Newton's second law to the "downhill" direction: 


mgúnO-f= ma, 

where, using Eq. 6-11, 

f=fk = M/cFn = Mk mg cos 0 . 

Thus, with jUt = 0.600, we have 

a = gsind- jUk cos 0= -3.72 m/s 

which means, since we have chosen the positive direction in the direction of motion 
(down the slope) then the acceleration vector points "uphill"; it is decelerating. With 
v 0 =18.0 m/s and Ax = d = 24.0 m, Eq. 2-16 leads to 


v = ^v^ + lad =12.1 m/s . 

2 

(b) In this case, we find a = +1.1 m/s , and the speed (when impact occurs) is 19.4 m/s. 


17. (a) The free-body diagram for the block is shown below. F is 
the applied force, F N is the normal force of the wall on the block, 

/ is the force of friction, and mg is the force of gravity. To 
determine if the block falis, we find the magnitude / of the force F N 
of friction required to hold it without accelerating and also find 
the normal force of the wall on the block. We compare/ and /i s Fn. 
lff< jU s F N , the block does not slide on the wall but if/> jU s F N , the 
block does slide. The horizontal component of Newton's second 
law is F -F N = 0, so F N = F = 12 N and 

//,F W =(0.60)(12N) = 7.2 N. 

The vertical component is /- mg = 0, so /= mg = 5.0 N. Since / < jU s F N the block does not 
slide. 

(b) Since the block does not move/= 5.0 N and Fn = 12 N. The force of the wall on the 
block is 

F w = -F N l+f] = -(12N) i + (5.0N) j 
where the axes are as shown on Fig. 6-26 of the text. 


1/ 


F 


\f mg 


18. We find the acceleration from the slope of the graph (recall Eq. 2-11): a = 4.5 m/s . 
Thus, Newton's second law leads to 

F-jUktng = ma, 

where F = 40.0 N is the constant horizontal force applied. With m = 4.1 kg, we arrive at 
/4=0.54. 


19. Fig. 6-4 in the textbook shows a similar situation (using (j) for the unknown angle) 
along with a free-body diagram. We use the same coordinate system as in that figure. 

(a) Thus, Newton's second law leads to 

x: Tcos<f)-f = ma 

y: Tsin0 + F N -mg = 0 

Setting a = 0 and / ' = f s>ma x = JU S F N , we solve for the mass of the box-and-sand (as a 
function of angle): 


m = 


g 


sin<p + 


COS0 


which we will solve with calculus techniques (to find the angle (f) m corresponding to the 
maximum mass that can be pulled). 


dm _ T 
dt g 


COS0 m - 


= 0 


This leads to tan <p m = fi s which (for ju s = 0.35 ) yields <p m = 19° . 

(b) Plugging our value for 0 m into the equation we found for the mass of the box-and- 
sand yields m = 340 kg. This corresponds to a weight of mg = 3.3 x 10 N. 


20. (a) In this situation, we take f s to point uphill and to be equal to its maximum value, 
in which case/ v , max = jU s F N applies, where jU s = 0.25. Applying Newton's second law to 
the block of mass m = W/g = 8.2 kg, in the x and y directions, produces 

F N - mg cos 0=0 

which (with 0= 20°) leads to 

F minl -mg(sin^+// í cos^) = 8.6 N. 

(b) Now we take f s to point downhill and to be equal to its maximum value, in which 

case f s> max = jU s F N applies, where ju s = 0.25. Applying Newton's second law to the block 
of mass m = W/g = 8.2 kg, in the x and y directions, produces 

F mi „ o = mg sin 6- f mm = ma = 0 

min 2 o j s, max 

F N - mg cos 0=0 

which (with 0= 20°) leads to 

F min2=™g (sin 0+jU, cos 0) = 46 N. 

A value slightly larger than the "exact" result of this calculation is required to make it 
accelerate uphill, but since we quote our results here to two significant figures, 46 N is a 
"good enough" answer. 

(c) Finally, we are dealing with kinetic friction (pointing downhill), so that 

0 = F - mgsin0-f k =ma 
0 = F N - mg cos0 

along with ft = HiFn (where /4 = 0. 15) brings us to 

F = mg (sin 0 + ju k cos 0) = 39 N . 


21. If the block is sliding then we compute the kinetic friction from Eq. 6-2; if it is not 
sliding, then we determine the extent of static friction from applying Newton' s law, with 
zero acceleration, to the x axis (which is parallel to the incline surface). The question of 
whether or not it is sliding is therefore crucial, and depends on the maximum static 
friction force, as calculated from Eq. 6-1. The forces are resolved in the incline plane 
coordinate system in Figure 6-5 in the textbook. The acceleration, if there is any, is along 
the x axis, and we are taking uphill as +x. The net force along the y axis, then, is certainly 
zero, which provides the following relationship: 

Y^F y = 0 => F N = Wcos0 

where W = mg = 45 N is the weight of the block, and 6= 15° is the incline angle. Thus, 
F N = 43.5 N, which implies that the maximum static friction force should be 

/,,max = (0.50) (43.5 N) = 21.7N. 

(a) For P = (-5.0 N)i , Newton's second law, applied to the x axis becomes 

f-\P \-mgsm& = ma. 

Here we are assuming / is pointing uphill, as shown in Figure 6-5, and if it turns out that 
it points downhill (which is a possibility), then the result for/J will be negative. \íf=f s 
then a = 0, we obtain 

f s =\P\+mg sin#= 5.0 N + (43.5 N)sinl5° =17 N, 
or/ ç = (17 N)i . This is clearly allowed since f s is less than/ V;max . 

(b) For P = (-8.0 N)i , we obtain (from the same equation) f s = (20 N)i , which is still 
allowed since it is less than^ max . 

(c) But for P = (-15 N)i, we obtain (from the same equation) f s = 27 N, which is not 
allowed since it is larger than f s> max . Thus, we conclude that it is the kinetic friction 
instead of the static friction that is relevant in this case. The result is 


f k = Mt F N l = (0.34)(43.5 N)i = (15 N)i . 


22. Treating the two boxes as a single system of total mass mc + mw=1.0 + 3.0 = 4.0 kg, 
subject to a total (leftward) friction of magnitude 2.0 N + 4.0 N = 6.0 N, we apply 
Newton's second law (with +x rightward): 

F ~ /totai = m v *a => 12.0 N- 6.0 N = (4.0 kg)a 

which yields the acceleration a = 1.5 m/s 2 . We have treated F as if it were known to the 
nearest tenth of a Newton so that our acceleration is "good" to two significant figures. 
Turning our attention to the larger box (the Wheaties box of mass «w = 3.0 kg) we apply 
Newton's second law to find the contact force F' exerted by the Cheerios box on it. 

F'-f w =m w a => F'-4.0N = (3.0kg)(1.5m/s 2 ). 
From the above equation, we find the contact force to be F' = 8.5 N. 


23. The free-body diagrams for block B and for the knot just above block A are shown 
next. 7j is the tension force of the rope pulling on block B or pulling on the knot (as the 

case may be), T 2 is the tension force exerted by the second rope (at angle 0= 30°) on the 

knot, / is the force of static friction exerted by the horizontal surface on block B, F N is 

normal force exerted by the surface on block B, Wa is the weight of block A {W a is the 
magnitude of m A g), and Wb is the weight of block B {Wb = 71 1 N is the magnitude of 


For each object we take +x horizontally rightward and +y upward. Applying Newton's 
second law in the x and y directions for block B and then doing the same for the knot 
results in four equations: 


A F, 



f 


T m B g 


T,-f = 0 

1 J 5,max 

F - W = 0 
T 2 cos 6- T x = 0 
T 2 sin 0- W A = 0 


where we assume the static friction to be at its maximum value (permitting us to use Eq. 
6-1). Solving these equations with ju s = 0.25, we obtain W A =\03 N- 1.0x1 0 2 N. 


24. The free-body diagram for the block is shown below, withF being the force applied 
to the block, F N the normal force of the floor on the block, mg the force of gravity, and 

/ the force of friction. We take the +x direction to be horizontal to the right and the +y 
direction to be up. The equations for the x and the y 
components of the force according to Newton' s second 
law are: 

F x = Fcos0-f = ma 
F = F N - F sin 0 - mg = 0 

Now f=/ilkF N , and the second equation gives F N = mg 
+ Fsin#, which yields 

f = <u k (mg + F sin 0). 



This expression is substituted for/in the first equation to obtain 


so the acceleration is 


F cos 0- /ik (mg + F sin 0) = ma, 


a = — (cos#- jU k sin#)- ju k g . 
m 


From Fig. 6-32, we see that a = 3.0 m/s 2 when// t = 0 . This implies 


3.0 m/s 2 = —cos 0. 
m 


We also find a — 0 when ju k = 0.20 : 


0 = — (cos 0- (0.20) sin 0)- (0.20)(9.8 m/s 2 ) = 3.00 m/s 2 -0.20— sin 0-1.96 m/s 2 
m m 

= 1.04 m/s 2 -0.20 — sin 0 
m 


.2 F . 


which yields 5.2 m/s = — sin 0. Combining the two results, we get 

m 


tan0: 


r 5.2 m/s 2 ^ 
3.0 m/s 2 


1.73 => 0 = 60°. 


25. Let the tensions on the strings connecting m,2 and mj be 723, and that connecting m,2 
and m\ be T\ 2 , respectively. Applying Newton's second law (and Eq. 6-2, with F N = mig 
in this case) to the system we have 

m,g-T 23 =m 3 a 

T n-Mk m 2g- T n= m 2 a 
T l2 -m l g = m l a 

Adding up the three equations and using m l = M,m 2 = m 3 = 2M , we obtain 

2Mg - 2ju k Mg -Mg = 5Ma . 

With a = 0.500 m/s this yields /4 = 0.372. Thus, the coefficient of kinetic friction is 
roughly ju k = 0.37. 


26. The free-body diagram for the sled is shown on the 
right, withF being the force applied to the sled, F N the 
normal force of the inclined plane on the sled, mg the 

force of gravity, and / the force of friction. We take the 

+x direction to be along the inclined plane and the +y 
direction to be in its normal direction. The equations for 
the x and the y components of the force according to 
Newton's second law are: 

F x = F - f - mg sin 0 = ma = 0 
F y = F N -mgcos0 = O 

Now f=jUF N , and the second equation gives F N = mgcosd, which yields / = jumgcosô . 
This expression is substituted for/in the first equation to obtain 

F = mg(sin# + jUcosd) 

From Fig. 6-34, we see that F=2.0N when / í/ = 0 . This implies mg sin 8 = 2.0 N. 
Similarly, we also find F = 5.0 N when^ = 0.5 : 

5.0 N = mg(sin 0 + 0.50 cos 0) = 2.0 N + 0.50mg cos 0 

which yields mg cos 0 = 6.0 N. Combining the two results, we get 



mg t 


tan# = - = - => 0 = 18°. 
6 3 


27. The free-body diagrams for the two blocks are shown next. T is the magnitude of the 
tension force of the string, F NA is the normal force on block A (the leading block), F NB is 

the normal force on block B, f A is kinetic friction force on block A, f B is kinetic friction 
force on block B. Also, tha is the mass of block A (where m A = WJg and Wa = 3.6 N), and 
niB is the mass of block B (where mg = Ws/g and Wb = 7.2 N). The angle of the incline is 
0=30°. 



For each block we take +x downhill (which is toward the lower-left in these diagrams) 
and +y in the direction of the normal force. Applying Newton's second law to the x and y 
directions of both blocks A and B, we arrive at four equations: 

W A ún0- f A -T = m A a 

F NA -W A cos0 = O 
W B sin 6 - f B + T = m B a 

F NB -W B cos0 = O 


which, when combined with Eq. 6-2 (f A = fl kÃ F NÃ where flkA = 0.10 and f B = H kB F NB fs 

where jUkB= 0.20), fully describe the dynamics of the system so long as the blocks have 
the same acceleration and T> 0. 

(a) From these equations, we find the acceleration to be 


a = g 


sin6>- 


w,+w a 


COS0 


J 


= 3.5 m/s 2 


J 


(b) We solve the above equations for the tension and obtain 


f w A w B A 


(^"^)cos0 = O.21N. 


Simply returning the value for a found in part (a) into one of the above equations is 
certainly fine, and probably easier than solving for T algebraically as we have done, but 
the algebraic form does illustrate the jUkB - HkA factor which aids in the understanding of 
the next part. 


28. (a) Applying Newton's second law to the system (of total mass M = 60.0 kg) and 
using Eq. 6-2 (with F N = Mg in this case) we obtain 

F - jU k Mg = Ma => a= 0.473 m/s 2 . 

Next, we examine the forces just on m 3 and find F i2 = m^ia + jilkg) = 147 N. If the 
álgebra steps are done more systematically, one ends up with the interesting relationship: 
F 32 = (m 3 1 M)F (which is independent of the friction!). 

(b) As remarked at the end of our solution to part (a), the result does not depend on the 
frictional parameters. The answer here is the same as in part (a). 


29. First, we check to see if the bodies start to move. We assume they remain at rest and 
compute the force of (static) friction which holds them there, and compare its magnitude 
with the maximum value /i s Fm. The free-body diagrams are shown below. T is the 
magnitude of the tension force of the string,/is the magnitude of the force of friction on 
body A, F N is the magnitude of the normal force of the plane on body A, m A g is the force 

of gravity on body A (with magnitude Wa = 102 N), and m B g is the force of gravity on 
body B (with magnitude Wb - 32 N). 6 = 40° is the angle of incline. We are told the 
direction of / but we assume it is downhill. If we obtain a negative result for/ then we 
know the force is actually up the plane. 



T I 


B 


mg 


m B g i 


(a) For A we take the +x to be uphill and +y to be in the direction of the normal force. The 
x and y components of Newton's second law become 

T-f- W A únO = 0 
F N - W A cos 0=0. 

Taking the positive direction to be downward for body B, Newton' s second law leads to 
W B - T = 0 . Solving these three equations leads to 

f = W B -W Á sin# = 32 N-(102 N)sin40°= -34 N 

(indicating that the force of friction is uphill) and to 

F N = W A cos 0= (102 N) cos 40° = 78N 


which means that 

Amax = MsFn = (0.56) (78 N) = 44 N. 


Since the magnitude/ of the force of friction that holds the bodies motionless is less than 
Amax the bodies remain at rest. The acceleration is zero. 


(b) Since A is moving up the incline, the force of friction is downhill with 
magnitude f k = jU k F N . Newton's second law, using the same coordinates as in part (a), 
leads to 

T ~fk ~ W A sin 0 = m A a 
F N - W A cos 0 = 0 

W B -T = m B a 

for the two bodies. We solve for the acceleration: 

W B -W A sin 0-ju k W A cos 0 _ 32N -(102N)sin 40° - (0.25)(102N)cos 40° 

(32N + 102N) / (9.8 m/s 2 ) 

The acceleration is down the plane, i.e., a = (-3.9 m/s )i , which is to say (since the 
initial velocity was uphill) that the objects are slowing down. We note that m = W/g has 
been used to calculate the masses in the calculation above. 

(c) Now body A is initially moving down the plane, so the force of friction is uphill with 
magnitude f k = jU k F N . The force equations become 

W A sin 0 = m A a 
W A cos 0 = 0 
W B - T = m B a 

which we solve to obtain 

_ W B - W A sin 0+ ju k W A cos 0 _ 32N - (102N)sin 40° + (0.25)(102N)cos 40° 
m B + m A (32N + 102N)/(9.8m/s 2 ) 

= -1.0 m/s 2 . 

The acceleration is again downhill the plane, i.e., a = (-1.0 m/s z )i- In this case, the 
objects are speeding up. 


m B + m A 
= -3.9 m/s 2 . 



30. The free-body diagrams are shown below. T is the magnitude of the tension force of 
the string,/is the magnitude of the force of friction on block A, Fn is the magnitude of 
the normal force of the plane on block A, m A g is the force of gravity on body A (where 
m A = 10 kg), and m B g is the force of gravity on block B. 0 = 30° is the angle of incline. 
For A we take the +x to be uphill and +y to be in the direction of the normal force; the 
positive direction is chosen downward for block B. 



f A 


B 


m B gy 


Since A is moving down the incline, the force of friction is uphill with magnitude fk 
HuFn (where /4 = 0.20). Newton's second law leads to 

T -f k + m A g sin 0 = m A a = 0 
F N -m A g cos0 = 0 

m B g- T = m B a = 0 


for the two bodies (where a = 0 is a consequence of the velocity being constant). We 
solve these for the mass of block B. 


m B -m A (ún.0-fi k cos#) = 3.3 kg. 


31. (a) Free-body diagrams for the blocks A and C, considered as a single object, and for 
the block B are shown below. T is the magnitude of the tension force of the rope, Fn is 
the magnitude of the normal force of the table on block A, /is the magnitude of the force 
of friction, Wac is the combined weight of blocks A and C (the magnitude of force F gAC 

shown in the figure), and Wb is the weight of block B (the magnitude of force F g B 

shown). Assume the blocks are not moving. For the blocks on the table we take the x axis 
to be to the right and the y axis to be upward. From Newton's second law, we have 


x component: T—f=0 
y component: Fn- Wac = 0. 


For block B take the downward direction to be positive. Then Newton' s second law for 
that block is W B — T = 0. The third equation gives T = W B and the first gives /= T = W B . 
The second equation gives F N = Wac- If sliding is not to occur,/ must be less than ju s F N , 
or Wb < jU s Wac- The smallest that Wac can be with the blocks still at rest is 


Wac = W B /jU s = (22 N)/(0.20) = 1 10 N. 


Since the weight of block A is 44 N, the least weight for C is (1 10 - 44) N = 66 N. 


A T 


f 


I 


▼ ' F gAC 

(b) The second law equations become 


1 í 


gB 


T-f = (WJg)a 
F n -Wa =0 
W B -T=(W B /g)a. 

In addition,/= iiiFn- The second equation gives F N = Wa, so /= jUkWA- The third gives T 
= Wb- (Ws/g)a. Substituting these two expressions into the first equation, we obtain 


Therefore, 


W B - (W B /g)a - MkW A = (WJg)a. 


g{W B - jU k W A ) (9.8 m/s 2 )(22N - (0.15)(44 N)) 


W A +W B 


44 N + 22 N 


2.3 m/s 2 


32. We use the familiar horizontal and vertical axes for x and y directions, with rightward 
and upward positive, respectively. The rope is assumed massless so that the force exerted 
by the child F is identical to the tension uniformly through the rope. The x and y 
components of F are Fcos# and Fsin#, respectively. The static friction force points 
leftward. 

(a) Newton's Law applied to the j-axis, where there is presumed to be no acceleration, 
leads to 

F N + Fsinô-mg = 0 

which implies that the maximum static friction is jU s (mg - F sin 9). If f s = f S) max is 
assumed, then Newton's second law applied to the x axis (which also has a = 0 even 
though it is "verging" on moving) yields 

Fcosô- f s - ma => Fcos 6-fi s {mg- Fsmff) = 0 
which we solve, for 0= 42° and ju s = 0.42, to obtain F = 74 N. 

(b) Solving the above equation algebraically for F, with fFdenoting the weight, we obtain 

_ jU s W (0.42)(180N) _ 76 N 

cos^ + ^sin^ cos(9 + (0.42) sin6» cos6» + (0.42) sin6»' 

(c) We minimize the above expression for F by working through the condition: 

dF _ juJV (sin<9-// ç cos6>) _ 
dO (cos 0 + jU s sin d) 2 

which leads to the result 6= tan" 1 [i s = 23°. 


(d) Plugging 0= 23° into the above result for F, with jU s = 0.42 and W = 180 N, yields 
F = 70 N . 


33. The free-body diagrams for the two blocks, treated individually, are shown below 
(first m and then M). F' is the contact force between the two blocks, and the static friction 

force f s is at its maximum value (so Eq. 6-1 leads to^. =f s , max = jU s F' where fl s = 0.38). 


Treating the two blocks together as a single system (sliding across a frictionless floor), 
we apply Newton' s second law (with +x rightward) to find an expression for the 
acceleration: 

F 


F = «total a 


a = 


m+ M 


F' 


jmg 


F 


F 


N 


F' 


VMg 


This is equivalent to having analyzed the two blocks individually and then combined 
their equations. Now, when we analyze the small block individually, we apply Newton' s 
second law to the x and y axes, substitute in the above expression for a, and use Eq. 6-1. 


F -F'=ma 
f s -mg = 0 


F'= F — m 


F 


m + M 


jU s F'-mg = 0 


These expressions are combined (to eliminate F 1 ) and we arrive at 


F ■ 


mg 

m 
m+M 


) 


which we findto beF=4.9x 10 2 N. 


34. The free-body diagrams for the slab and block are shown below. 


f 


slab 


F 


block 


"F 


Nb 


F 


f 


yrribg 


F is the 100 N force applied to the block, JF^ is the normal force of the floor on the slab, 

F Nb is the magnitude of the normal force between the slab and the block, / is the force 

of friction between the slab and the block, m s is the mass of the slab, and mt is the mass 
of the block. For both objects, we take the +x direction to be to the right and the +y 
direction to be up. 

Applying Newton' s second law for the x and y axes for (first) the slab and (second) the 
block results in four equations: 

~f = m , a s 

F Ns- F Ns- m sg =0 

f-F =m b a b 

F Nb- m tg =0 

from which we note that the maximum possible static friction magnitude would be 
jU s F Nb =jU s m b g = (0.60)(10kg)(9.S m/s 2 ) = 59N . 

We check to see if the block slides on the slab. Assuming it does not, then a s = aj, (which 
we denote simply as a) and we solve for f. 


f 


m s F (40kg)(100N) 


m s +m b 40kg + 10kg 


80 N 


which is greater than ^, max so that we conclude the block is sliding across the slab (their 
accelerations are different). 

(a) Using/= jUi í F Nb the above equations yield 

a _ y k m b g-F _ (0.40X10 kg)(9.8 m/s 2 )-100 N _ fi 1 ^ 


777, 


10 kg 


The negative sign means that the acceleration is leftward. That is, a b = (-6.1 m/s 2 )i 


(b) We also obtain 

ffiM = _(0.40)(10k g )(9.gm/.') = _ 0 9g m/sI 
m s 40 kg 

As mentioned above, this means it accelerates to the left. That is, a s - (-0.98 m/s )i 


35. We denote the magnitude of the frictional force av , where a = 70 N- s/m. We take 
the direction of the boafs motion to be positive. Newton' s second law gives 

dv 

-av = m — . 
dt 

Thus, 

fv dv a ç' , 
— = dt 


where v 0 is the velocity at time zero and v is the velocity at time t. The integrais are 
evaluated with the result 


ln 


( \ 
v 


v v oy 


at 
m 


We take v = v 0 /2 and solve for time: 


. m. 1000 kg 

í = — ln2 = ^ln2 = 9.9 s . 

a 70 N ■ s/m 


36. Using Eq. 6-16, we solve for the area 


2m g 
Cp? 


which illustrates the inverse proportionality between the area and the speed-squared. 
Thus, when we set up a ratio of áreas - of the slower case to the faster case - we obtain 


slow 


1 fast 


^310km/h^ 2 


160 km/ h 


= 3.75. 


37. For the passenger jet D j = \Cp l Av 2 j , and for the prop-driven transporta = \Cp 2 Av] , 

where p x and p 2 represent the air density at 10 km and 5.0 km, respectively. Thus the 
ratio in question is 

Dj p x v) (0.38 kg/m 3 ) (1000 km/h) 2 
A Pi v ? (0.67 kg/m 3 ) (500 km/h) 2 


38. This problem involves Newton's second law for motion along the slope. 

(a) The force along the slope is given by 

F g = mg sin 0 - juF N = mg sin 0 - jumg cos 0 = mg(sin 0-jU cos 0) 
= (85.0 kg)(9.80 m/s 2 ) [sin 40.0° - (0.04000) cos 40.0 o ] 
= 510N. 

Thus, the terminal speed of the skier is 


w 2Jí um 

' \C>4 \(0.150)(1.20kg/m 3 )(1.30m 2 ) 


(b) Differentiating v ( with respect to C, we obtain 


A, -I J 2 ^ C-VC = -I 2(5 ' ] ° N> , (0.150)-'-VC 

2\/>^ 2^(1.20kg/m 3 )(1.30m 2 ) 

= -(2.20x1 0 2 m/s)í/C. 


39. In the solution to exercise 4, we found that the force provided by the wind needed to 
equal F= 157 N (where that last figure is not "significant"). 


(a) Setting F = D (for Drag force) we use Eq. 6-14 to find the wind speed V along the 
ground (which actually is relative to the moving stone, but we assume the stone is 
moving slowly enough that this does not invalidate the result): 


r- 2 < 1 ^ ^=90 m/s =3.2x10» km/h. 

V CpA V(0.80)(1.21kg/m 3 )(0.040 m 2 ) 


2 

(b) Doubling our previous result, we find the reported speed to be 6.5 x 10 km/h. 

(c) The result is not reasonable for a terrestrial storm. A category 5 hurricane has speeds 
on the order of 2.6 x IO 2 m/s. 


40. (a) From Table 6-1 and Eq. 6-16, we have 



CpA 


2F 


8 


^CpA = 2^ 


where v t = 60 m/s. We estimate the pilofs mass at about m = 70 kg. Now, we convert v = 
1300(1000/3600) - 360 m/s and plug into Eq. 6-14: 


2 2 


( \ 





V 

{ -, 2 J 

v 2 = mg 






which yields D = (70 kg)(9.8 m/s 2 )(360/60) 2 - 2 x 10 4 N. 

(b) We assume the mass of the ejection seat is roughly equal to the mass of the pilot. 
Thus, Newton' s second law (in the horizontal direction) applied to this system of mass 
2m gives the magnitude of acceleration: 



= lSg. 


41. The magnitude of the acceleration of the cyclist as it rounds the curve is given by v IR, 
where v is the speed of the cyclist and R is the radius of the curve. Since the road is 
horizontal, only the frictional force of the road on the tires makes this acceleration 
possible. The horizontal component of Newton's second law is/= mv IR. If F N is the 
normal force of the road on the bicycle and m is the mass of the bicycle and rider, the 
vertical component of Newton's second law leads to F N = mg. Thus, using Eq. 6-1, the 
maximum value of static friction is/ ç , max = jU s F N = jU s mg. If the bicycle does not slip,/ < 
jU s mg. This means 

v 2 v 2 
— <ju s g => R> . 

Consequently, the minimum radius with which a cyclist moving at 29 km/h =8.1 m/s can 
round the curve without slipping is 

_ v 2 (8.1 m/s) 2 
/? : „ = = — — = 21 m. 


min 


ju s g (0.32)(9.8 m/s 2 ) 


42. With v = 96.6 km/h = 26.8 m/s, Eq. 6-17 readily yields 

v 2 (26.8 m/s) 2 


a ■ 


R 


7.6 m 


= 94.7 m/s' 


which we express as a multiple of g: 


a - 


r 94.7 m/s 2 ^ 
9.80 m/s 2 


g = 9.7g. 


43. Perhaps surprisingly, the equations pertaining to this situation are exactly those in 
Sample Problem 6-9, although the logic is a little different. In the Sample Problem, the 
car moves along a (stationary) road, whereas in this problem the cat is stationary relative 
to the merry-go-around platform. But the static friction plays the same role in both cases 
since the bottom-most point of the car tire is instantaneously at rest with respect to the 
race track, just as static friction applies to the contact surface between cat and platform. 
Using Eq. 6-23 with Eq. 4-35, we find 

fis = (2nR/TflgR = A^R/gT 2 . 

With T= 6.0 s and R = 5.4 m, we obtain jlu = 0.60. 


44. The magnitude of the acceleration of the car as it rounds the curve is given by v IR, 
where v is the speed of the car and R is the radius of the curve. Since the road is 
horizontal, only the frictional force of the road on the tires makes this acceleration 
possible. The horizontal component of Newton's second law isf=mv IR. If F N is the 
normal force of the road on the car and m is the mass of the car, the vertical component of 
Newton's second law leads to F N = mg. Thus, using Eq. 6-1, the maximum value of static 
friction is 

Amax = JUs F N = jU s mg. 

If the car does not slip,/ < jU s mg. This means 

2 

K 

Consequently, the maximum speed with which the car can round the curve without 
slipping is 


v max = jjU s Rg = ^/(0.60)(30.5 m)(9.8m/s 2 ) = 13 m/s - 48 km/h. 


45. (a) Eq. 4-35 gives T= 27tR.lv = 2^10 m)/(6.1 m/s) = 10 s. 

(b) The situation is similar to that of Sample Problem 6-7 but with the normal force 
direction reversed. Adapting Eq. 6-19, we find 

F N = m(g - v 2 /R) = 486 N = 4.9 x IO 2 N. 

(c) Now we reverse both the normal force direction and the acceleration direction (from 
what is shown in Sample Problem 6-7) and adapt Eq. 6-19 accordingly. Thus we obtain 


F N = m(g + v 2 /R) = 1081 N « 1.1 kN. 


46. We will start by assuming that the normal force (on the car from the rail) points up. 
Note that gravity points down, and the y axis is chosen positive upwards. Also, the 
direction to the center of the circle (the direction of centripetal acceleration) is down. 
Thus, Newton's second law leads to 


F N -mg = m 


( 2 
V 


V r 


(a) When v = 1 1 m/s, we obtain F N = 3.7 x IO 3 N. 

(b) F N points upward. 

(c) When v = 14 m/s, we obtain F N = -1.3 x IO 3 N, or | F N \ = 1.3 x IO 3 N. 

(d) The fact that this answer is negative means that F N points opposite to what we had 
assumed. Thus, the magnitude of F N is | F N \ - 1 .3 kN and its direction is down. 


47. At the top of the hill, the situation is similar to that of Sample Problem 6-7 but with 
the normal force direction reversed. Adapting Eq. 6-19, we find 

F N = m(g-v 2 /R). 

Since Fn = 0 there (as stated in the problem) then v = gR. Later, at the bottom of the 
valley, we reverse both the normal force direction and the acceleration direction (from 
what is shown in Sample Problem 6-7) and adapt Eq. 6-19 accordingly. Thus we obtain 


F N = m(g + v 2 /R) = 2mg = 1372 N « 1.37 x IO 3 N. 


48. (a) We note that the speed 80.0 km/h in SI units is roughly 22.2 m/s. The horizontal 
force that keeps her from sliding must equal the centripetal force (Eq. 6-18), and the 
upward force on her must equal mg. Thus, 

F net = ^l(mgf + (mv 2 /Rf =547N. 

(b) The angle is tan~ 1 [(mv 2 /R)/(mg)] = tan _1 (v IgR) = 9.53° (as measured from a vertical 
axis). 


49. (a) At the top (the highest point in the circular motion) the seat pushes up on the 
student with a force of magnitude F N = 556 N. Earth pulls down with a force of 
magnitude W = 667 N. The seat is pushing up with a force that is smaller than the 
student' s weight, and we say the student experiences a decrease in his "apparent weight" 
at the highest point. Thus, he feels "light." 

(b) Now F N is the magnitude of the upward force exerted by the seat when the student is 
at the lowest point. The net force toward the center of the circle is F b - W= mv 2 /R (note 
that we are now choosing upward as the positive direction). The Ferris wheel is "steadily 
rotating" so the value mv 2 /R is the same as in part (a). Thus, 

2 

mv 

F N =— + W = 111N + 667N = 778 N. 

N R 

(c) If the speed is doubled, mv 2 /R increases by a factor of 4, to 444 N. Therefore, at the 
highest point we have W -F N = mv 2 /R , which leads to 

F N =667N -444 N =223 N. 

(d) Similarly, the normal force at the lowest point is now found to be 


F„ =667N + 444 N= 1.11 kN. 


50. The situation is somewhat similar to that shown in the "loop-the-loop" example done 
in the textbook (see Figure 6-10) except that, instead of a downward normal force, we are 
dealing with the force of the boom F B on the car - which is capable of pointing any 
direction. We will assume it to be upward as we apply Newton' s second law to the car (of 
total weight 5000 N): F B -W = ma where m = W I g and a = -v 2 /r. Note that the 

centripetal acceleration is downward (our choice for negative direction) for a body at the 
top of its circular trajectory. 

(a) If r = 10 m and v = 5.0 m/s, we obtain F B = 3.7 x IO 3 N = 3.7 kN. 

(b) The direction of F B is up. 

(c) If r = 10 m and v = 12 m/s, we obtain F B = - 2.3 x IO 3 N = - 2.3 kN, or \F B \ = 2.3 kN. 

(d) The minus sign indicates that F B points downward. 


51. The free-body diagram (for the hand straps of mass m) is the 
view that a passenger might see if she was looking forward and the 
streetcar was curving towards the right (so a points rightwards in 
the figure). We note that \a\= v 2 1 R where v = 16 km/h = 4.4 m/s. 

Applying Newton' s law to the axes of the problem (+x is rightward 
and +y is upward) we obtain 


Tsm6 = m — 
R 

Tcosô =mg. 


mg 


We solve these equations for the angle: 


9 = tan 


-i 


V 


Rg) 


whichyields 6= 12°. 


52. The centripetal force on the passenger is F = mv 2 1 r . 

(a) The variation of F with respect to r while holding v constant is 


dF = -^—dr . 


(b) The variation of F with respect to v while holding r constant is 


dF = ^^-dv . 


(c) The period of the circular ride is T - 2nr I v . Thus, 

\K l mr 


F = 


mv m 


^2 ' 


V 1 J 


and the variation of F with respect to T while holding r constant is 

dT = - 


%K 2 mr 2 
dF = — dT = -m mr 


f v ^ 3 


\2nr j 


í 3 A 
mv 


K 7tr J 


53. The free-body diagram (for the airplane of mass m) is shown below. We note that F f 
is the force of aerodynamic lift and a points rightwards in the 
figure. We also note that \a\= v 2 1 R where v = 480 km/h =133 m/s. 

Applying Newton' s law to the axes of the problem (+x rightward 
and +y upward) we obtain 

2 

F. sin 6 = m — 
R 

F e cos 0 = mg 

mg I 

where 6= 40°. Eliminating mass from these equations leads to 

v 2 

tan<9= — 
gR 

which yields R = v 2 /g tan 0= 2.2 x 10 3 m. 



54. The centripetal force on the passenger is F = mv 2 1 r 
(a) The slope of the plot at v = 8.30 m/s is 


dF_ 
dv 


2mv 


v=8.30m/s 


v=8.30m/s 


2(85.0 kg)(8.30 m/s) 
3.50 m 


= 403 N- s/m. 


(b) The period of the circular ride is T = 2nrlv . Thus, 


F - 


mv m 


An mr 


v 1 J 


and the variation of F with respect to T while holding r constant is 


dF = - 


8^" mr 


dT. 


The slope of the plot at T = 2.50 s is 


dF_ 
dT 


8^" mr 


r=2.50s 


r=2.50s 


8^- 2 (85.0kg)(3.50m) 
(2.50 s) 3 


= -1.50xl0 3 N/s. 


55. For the puck to remain at rest the magnitude of the tension force T of the cord must 
equal the gravitational force Mg on the cylinder. The tension force supplies the 

2 2 

centripetal force that keeps the puck in its circular orbit, so T= mv Ir. Thus Mg = mv Ir. 
We solve for the speed: 


v= \Mgr_ _ (2.50kg)(9.80m/sQ(0.200 m) _ 1 gJ ^ 
V m V 1.50 kg 


56. (a) Using the kinematic equation given in Table 2-1, the deceleration of the car is 
v 2 =v 2 0 +2ad => 0 = (35m/s) 2 + 2a(107 m) 

which gives a = -5.72 m/s 2 . Thus, the force of friction required to stop by car is 
f = m \a\ = (1400 kg)(5.72 m/s 2 ) - 8.0xl0 3 N. 

(b) The maximum possible static friction is 

/..max =//. s mg = (0.50)(1400kg)(9.80m/s 2 )«6.9xl0 3 N. 

(c) If ju k = 0.40 , then f k = H k mg and the deceleration is a = ~H k g . Therefore, the speed 
of the car when it hits the wall is 

v = jv 2 0 +2ad = ^(35 m/s) 2 -2(0.40)(9.8 m/s 2 )(107 m) « 20 m/s. 

(d) The force required to keep the motion circular is 

p _ mvl _ (1400 kg)(35.0 m/s) 2 _ 1 6;<1q4 n 
r 107 m 

(e) Since F r > f max , no circular path is possible. 


57. We note that the period T is eight times the time between flashes ( s), so T = 
0.0040 s. Combining Eq. 6-18 with Eq. 4-35 leads to 

4mn 2 R 4(0.030 kg)7t 2 (0.035 m) 
F ~ T 2 ~ (0.0040 s) 2 - 2.6 x 10 N . 


58. We refer the reader to Sample Problem 6-10, and use the result Eq. 6-26: 


0- tan 


f ..2 A 


with v = 60(1000/3600) = 17 m/s and R = 200 m. The banking angle is therefore 0= 8.1°. 
Now we consider a vehicle taking this banked curve at v' = 40(1000/3600) = 11 m/s. Its 
(horizontal) acceleration is a = v' 2 / R, which has components parallel the incline and 
perpendicular to it: 


a» =a'cos0 = 


a ± = a'smô = 


v COS0 

R 

v 2 sin 0 
R ' 


These enter Newton's second law as follows (choosing downhill as the +x direction and 
away-from-incline as +y): 

mgsind - f s =ma^ 
F N -mgcosO = ma L 


and we are led to 


f s _ mgsinO-mv' 2 cosO/R 


F N mgcos0 + mv' 2 sirid I R 


We cancel the mass and plug in, obtaining/ s /Fjv = 0.078. The problem implies we should 
set/ ç =/ s ,max so that, by Eq. 6-1, we have ju s = 0.078. 


59. The free-body diagram for the bali is shown below. f u is the tension exerted by the 

upper string on the bali, T t is the tension force of the lower string, and m is the mass of 

the bali. Note that the tension in the upper string is greater than the tension in the lower 
string. It must balance the downward pull of gravity and the force of the lower string. 



V mg 


(a) We take the +x direction to be leftward (toward the center of the circular orbit) and +y 
upward. Since the magnitude of the acceleration is a = v 2 /R, the x component of 
Newton's second law is 


T, cos0+ T, cos0 = 


mv 
R 


where v is the speed of the bali and R is the radius of its orbit. The y component is 

T u únd-T t siYíd-mg - 0. 

The second equation gives the tension in the lower string: T f = T u - mg/ sin# . Since the 
triangle is equilateral #=30.0°. Thus 

50N _034kg)(^0m^ = 874N 
' sin30.0° 

(b) The net force has magnitude 

F „ et , s tr = (K + T t ) cos ^ = (35.0 N + 8.74 N) cos 30.0° = 37.9 N. 

(c) The radius of the path is 

R = ((1.70 m)/2)tan 30.0° = 1.47 m. 
Using F ne t, s tr = mv 2 /R, we find that the speed of the bali is 


RF„, 


V" 


(1.47 m)(37.9 N) 


m 


1.34 kg 


6.45 m/s. 


(d) The direction of F net str is leftward ("radially inward"). 


60. (a) We note that R (the horizontal distance from the bob to the axis of rotation) is the 
circumference of the circular path divided by 2tt, therefore, R = 0.94/2^"= 0.15 m. The 
angle that the cord makes with the horizontal is now easily found: 

0= cos~\R/L) = cos _1 (0.15 m/0.90 m) = 80°. 

The vertical component of the force of tension in the string is 7sin# and must equal the 
downward pull of gravity (mg). Thus, 

7 = = 0.40 N . 
sin# 

Note that we are using T for tension (not for the period). 

(b) The horizontal component of that tension must supply the centripetal force (Eq. 6-18), 
so we have 7cos# = mv IR. This gives speed v = 0.49 m/s. This divided into the 
circumference gives the time for one revolution: 0.94/0.49 = 1.9 s. 


6 1 . The layer of ice has a mass of 

m . ce = (917 kg/m 3 ) (400 mx500 mx0.0040 m) = 7.34xl0 5 kg. 

This added to the mass of the hundred stones (at 20 kg each) comes to m = 7.36 x 10 5 kg. 

(a) Setting F = D (for Drag force) we use Eq. 6-14 to find the wind speed v along the 
ground (which actually is relative to the moving stone, but we assume the stone is 
moving slowly enough that this does not invalidate the result): 


v = 


(0.10)(7.36xl0 5 kg)(9.8m/s 2 ) 
1 4 (0.002) (l .21 kg/m 3 ) (400 x 500 m 2 ) 


= 19 m/s =69 km/h. 


(b) Doubling our previous result, we find the reported speed to be 139 km/h. 

(c) The result is reasonable for storm winds. (A category-5 hurricane has speeds on the 
order of 2.6 x IO 2 m/s.) 


62. (a) To be on the verge of sliding out means that the force of static friction is acting 

"down the bank" (in the sense explained in the problem statement) with maximum 

— > 

possible magnitude. We first consider the vector sum F of the (maximum) static 

friction force and the normal force. Due to the facts that they are perpendicular and their 

— > 

magnitudes are simply proportional (Eq. 6-1), we find F is at angle (measured from the 
vertical axis) (f>= 0 + 0 S , where tanft = fl s (compare with Eq. 6-13), and 6 is the bank 

angle (as stated in the problem). Now, the vector sum of F and the vertically downward 
pull (mg) of gravity must be equal to the (horizontal) centripetal force (mv 2 /R), which 
leads to a surprisingly simple relationship: 


tan^ = 


2 / n 2 

mv IR _ v 
mg Rg 


Writing this as an expression for the maximum speed, we have 


v max =V^tan(0 + tan>J=^ 


R g(tan0 + jU s ) 
-ju tanO 


(b) The graph is shown below (with #in radians): 


v (m/s) 



r— e 


(c) Either estimating from the graph (/4 = 0.60, upper curve) or calculated it more 
carefully leads to v = 41.3 m/s = 149 km/h when 0= 10° = 0.175 radian. 


(d) Similarly (for // s = 0.050, the lower curve) we find v = 21.2 m/s = 76.2 km/h when 0= 
10° = 0.175 radian. 


63. (a) With 0= 60°, we apply Newton' s second law to the "downhill" direction: 

mgsin0-f = ma 
f=f k = jU k F N = ju k mg cos 0. 

Thus, 

a = g(sin#- jUk cos 0) = 7.5 m/s 2 . 

(b) The direction of the acceleration a is down the slope. 

(c) Now the friction force is in the "downhill" direction (which is our positive direction) 
so that we obtain 

a = g(sin#+ jUkCOS0) = 9.5 m/s 2 . 

(d) The direction is down the slope. 


64. Note that since no static friction coefficient is mentioned, we assume/, is not relevant 
to this computation. We apply Newton's second law to each block's x axis, which for m\ 
is positive rightward and for is positive downhill: 

T-fk = mia 
m2g sinO- T = m^a 

Adding the equations, we obtain the acceleration: 

m x +m 2 

For f k = jU k F N = jUktnig, we obtain 

(3.0kg)(9.8m/s 2 )sin30°-(0.25)(2.0kg)(9.8m/s 2 ) , /2 

a = 1 — — — - = í. 96 m/s . 

3.0 kg + 2.0 kg 


Returning this value to either of the above two equations, we find T= 8.8 N. 


65. (a) Using F = jU s mg , the coefficient of static friction for the surface between the two 
blocks is /u s = (12 N)/(39.2 N) = 0.31, where m t g = (4.0 kg)(9.8 m/s 2 )=39.2 N is the 
weight of the top block. LetM = m t +m h =9.0 kgbe the total system mass, then the 
maximum horizontal force has a magnitude Ma = MjU s g = 27 N. 

(b) The acceleration (in the maximal case) is a = jU s g =3.0 m/s . 


66. With 0= 40°, we apply Newton's second law to the "downhill" direction: 

mgsin0-f = ma, 
f=f k = jU k F N = ju k mg cos 0 

using Eq. 6-12. Thus, 

a = 0.75 m/s = g(sin#-/4cos#) 
determines the coefficient of kinetic friction: jUk = 0.74. 


67. (a) To be "on the verge of sliding" means the applied force is equal to the maximum 
possible force of static friction (Eq. 6-1, withFAr= mg in this case): 

f s ,m a x = jLkmg = 35.3 N. 

(b) In this case, the applied force F indirectly decreases the maximum possible value of 
friction (since its y component causes a reduction in the normal force) as well as directly 
opposing the friction force itself (because of its x component). The normal force turns 
out to be 

F N = mg-Fún0 

where 0= 60°, so that the horizontal equation (the x application of Newton' s second law) 
becomes 

Fcos#-/ s , max = Fcosd- jU s (mg - FsinO) = 0 => F = 39.7 N. 

(c) Now, the applied force F indirectly increases the maximum possible value of friction 
(since its y component causes a reduction in the normal force) as well as directly 
opposing the friction force itself (because of its x component). The normal force in this 
case turns out to be 

F N = mg + Fsiné?, 
where 0= 60°, so that the horizontal equation becomes 


Fcos#-/ s , max = FcosO- jLh(mg + Fsin#) = 0 => F = 320 N. 


68. The free-body diagrams for the two boxes are shown below. Tis the magnitude of the 
force in the rod (when T > 0 the rod is said to be in tension and when T < 0 the rod is 

under compression), F N2 is the normal force on box 2 (the uncle box), F m is the the 

normal force on the aunt box (box 1), f x is kinetic friction force on the aunt box, and f 2 

is kinetic friction force on the uncle box. Also, m\ = 1.65 kg is the mass of the aunt box 
and m 2 = 3.30 kg is the mass of the uncle box (which is a lot of ants!). 




For each block we take +x downhill (which is toward the lower-right in these diagrams) 
and +y in the direction of the normal force. Applying Newton's second law to the x and y 
directions of first box 2 and next box 1, we arrive at four equations: 

m 2 g sin 9 - f 2 - T = m 2 a 

F N2 -m 2 g cos 0 = 0 
m,g sin 6 - /j + T = m x a 

F m -m y g cosd = 0 

which, when combined with Eq. 6-2 (f\ = /l\F m where [l\ = 0.226 and^2 = /HiFm where 
Hi = 0.1 13), fully describe the dynamics of the system. 


(a) We solve the above equations for the tension and obtain 


T = 


í m 2 m 1 g_^ 
y m 2 + m x j 


(H x -^ 2 ) cos 0=1.05 N. 


(b) These equations lead to an acceleration equal to 


a = g 


sin#- 


V 


^ jU 2 m 2 + H x m x ^ 
m 2 +m x 


COS0 


= 3.62 m/s 2 


J 


(c) Reversing the blocks is equivalent to switching the labels. We see from our algebraic 
result in part (a) that this gives a negative value for T (equal in magnitude to the result we 
got before). Thus, the situation is as it was before except that the rod is now in a state of 
compression. 


69. Each side of the trough exerts a normal force on the crate. The first diagram shows 
the view looking in toward a cross section. The net force is along the dashed line. Since 
each of the normal forces makes an angle of 45° with the dashed line, the magnitude of 
the resultant normal force is given by 


The second diagram is the free-body diagram for the crate (from a "side" view, similar to 
that shown in the first picture in Fig. 6-53). The force of gravity has magnitude mg, 
where m is the mass of the crate, and the magnitude of the force of friction is denoted by f. 

We take the +x direction to be down the incline and +y to be in the direction of F Nr . Then 

the x and the y components of Newton's second law are 


Since the crate is moving, each side of the trough exerts a force of kinetic friction, so the 
total frictional force has magnitude 


Combining this expression with Fn,- = mg cos 0 and substituting into the x component 
equation, we obtain 


F Nr =2F N cos45 0 = 4lF N . 


x: mg sin 0-f= ma 
y: F Nr - mg cos 0=0. 


f = 2M k F N 


2ju k F Nr /j2=j2 Mk F } 


mg sin 0 -yf2mg cos 0= ma . 


Therefore a = g(sin#- \2jU k cos0) . 



70. (a) The coefficient of static friction is jU s = tan(# S H P ) = 0.577 ~ 0.58 . 
(b) Using 

mgsmô-f= ma 
f=f k = Mk F N = Mk mg cos 6 

and a = 2d/t (with d = 2.5 m and t = 4.0 s), we obtain /4 = 0.54. 


71. We may treat ali 25 cars as a single object of mass m = 25 x 5.0 x IO 4 kg and (when 
the speed is 30 km/h = 8.3 m/s) subject to a friction force equal to 

/= 25 x 250 x 8.3 = 5.2 x 10 4 N. 

(a) Along the levei track, this object experiences a "forward" force T exerted by the 
locomotive, so that Newton's second law leads to 

T-f = ma => r = 5.2xl0 4 + (1.25xl0 6 )(0.20) = 3.0xl0 5 N. 

(b) The free-body diagram is shown next, with 0as the angle of the 
incline. The +x direction (which is the only direction to which we 
will be applying Newton' s second law) is uphill (to the upper right 
in our sketch). 

Thus, we obtain 

T-f- mg sin 6 =ma 

where we set a = 0 (implied by the problem statement) and solve 
for the angle. We obtain 0= 1.2°. 



72. An excellent discussion and equation development related to this problem is given in 
Sample Problem 6-2. Using the result, we obtain 

0=tan _1 //,=tan _1 O.5O =27° 

which implies that the angle through which the slope should be reduced is 


^=45° -27° = 20°. 


73. We make use of Eq. 6-16 which yields 


/ 2mg 
CpnR 2 


2(6X9.8) 


(1.6)(1- 2)71(0.03)' 


147 m/s. 


74. (a) The upward force exerted by the car on the passenger is equal to the downward 
force of gravity (W= 500 N) on the passenger. So the net force does not have a vertical 
contribution; it only has the contribution from the horizontal force (which is necessary for 


maintaining the circular motion). Thus 


= F = 210N. 


(b) Using Eq. 6-18, we have 


IFR_ (210NX470m) 
U V 51.0 kg 


75. (a) We note that F N = mg in this situation, so 

Amax = Msmg = (0.52)(11 kg)(9.8 m/s 2 ) = 56 N. 

Consequently, the horizontal force F needed to initiate motion must be (at minimum) 
slightly more than 56 N. 

(b) Analyzing vertical forces when F is at nonzero #yields 

Fsin 9 + F N =mg => / çmax =<u s (mg-F sin 9). 

Now, the horizontal component of F needed to initiate motion must be (at minimum) 
slightly more than this, so 

FcosO=ju s (mg-Fsm 0) => F- ' llJm 


cos^ + // s sin 0 

which yields F = 59 N when 9= 60°. 
(c) We now set 0= -60° and obtain 

(0.52)0 HC8X9.8 m/s') =1 . 1x1 q3 n , 
cos(-60°) + (0.52) sin (-60°) 


76. We use Eq. 6-14, D = \CpAv 2 , where p is the air density, A is the cross-sectional 

area of the missile, v is the speed of the missile, and C is the drag coefficient. The area is 
given by A = kR 1 , where R = 0.265 m is the radius of the missile. Thus 

D = -(0.75)(l.2 kg/m 3 )^-(0.265 m) 2 (250 ml s) 2 = 6.2 x IO 3 N. 


77. The magnitude of the acceleration of the cyclist as it moves along the horizontal 
circular path is given by v 2 /R, where v is the speed of the cyclist and R is the radius of the 
curve. 


(a) The horizontal component of Newton's second law is /= mv IR, where/is the static 
friction exerted horizontally by the ground on the tires. Thus, 

(85.0kg)(9.00 m/s) 2 
, V 5A ^ = 275 N. 

25.0 m 

(b) If F N is the vertical force of the ground on the bicycle and m is the mass of the bicycle 
and rider, the vertical component of Newton's second law leads to Fn = mg = 833 N. The 
magnitude of the force exerted by the ground on the bicycle is therefore 


^f 2 +F* = 7(275 N) 2 +(833 N) 2 =877N. 


78. The free-body diagram for the puck is shown below. F N is the 

normal force of the ice on the puck, / is the force of friction (in the —x 
direction), and mg is the force of gravity. 


(a) The horizontal component of Newton's second law gives -f= ma, <— 
and constant acceleration kinematics (Table 2-1) can be used to find 7? 
the acceleration. J 

Since the final velocity is zero, v 2 = v 2 + 2ax leads to a = - v 2 0 1 2x . 
This is substituted into the Newton' s law equation to obtain 


F, 


N 


mg 


f = 


mvl _ (0.110 kg)(6.0 m/s) 


2x 


2(15 m) 


= 0.13 N. 


(b) The vertical component of Newton's second law gives F N -mg : 
implies (using Eq. 6-2) /= /4 mg. We solve for the coefficient: 


0, so F N = mg which 


0.13 N 


mg (0.110 kg)(9.8 m/s 2 ) 


= 0.12 


79. (a) The free-body diagram for the person (shown as an L-shaped block) is shown 
below. The force that she exerts on the rock slabs is not directly shown (since the 
diagram should only show forces exerted on her), but it is related by Newton's third law) 

to the normal forces F m and F N2 exerted horizontally by the slabs onto her shoes and 

back, respectively. We will show in part (b) that Fm = Fm so that we there is no 
ambiguity in saying that the magnitude of her push is Fm- The total upward force due to 

(maximum) static friction is / = f x + f 2 where f x = jU sl F m and f 2 = /U s2 F N2 . The 

problem gives the values /4i = 1.2 and fi s2 = 0.8. 

tÍ2 


F : 


N I 


N2 


mg 

(b) We apply Newton' s second law to the x and y axes (with +x rightward and +y upward 
and there is no acceleration in either direction). 


77 _ 77 


0 


fx +fi~mg= 0 

The first equation tells us that the normal forces are equal Fm = Fm = F N . Consequently, 
from Eq. 6-1, 

fz ~ /^s2^V 


we conclude that 


Therefore,/i +fz - mg = 0 leads to 


Á = 


f 


fi = mg 


which (with m = 49 kg) yields/ 2 = 192 N. From this we find F N = f 2 1 ju s2 = 240 N. This 
is equal to the magnitude of the push exerted by the rock climber. 

(c) From the above calculation, we find f x = jU s] F N = 288 N which amounts to a fraction 


288 


f__ 

W (49) (9.8) 


= 0.60 


or 60% of her weight. 


80. The free-body diagram for the stone is shown on the right, 
withF being the force applied to the stone, F N the downward 
normal force of the ceiling on the stone, mg the force of gravity, 

and / the force of friction. We take the +x direction to be 
horizontal to the right and the +y direction to be up. The 
equations for the x and the y components of the force according 
to Newton's second law are: 

F x = Fcos0- f = ma 
F = Fsin0-F N -mg = 0 

Now / = jU k F N , and the second equation gives F N = Fsin0-mg , which yields 
/ = fl k (F sinO - mg) . This expression is substituted for fin the first equation to obtain 

F cos 6— /ik (F sin 0 - mg ) = ma. 

For a = 0 , the force is 

F= -V k mg 
cos 0 - ju k sin 0 

With ju k =0.65, m =5.0 kg, and 0= 70°, we obtainF= 118 N. 



81. (a) If we choose "downhill" positive, then Newton' s law gives 

m A gsm8-f A - T= m A a 

for block A (where 0=30°). For block B we choose leftward as the positive direction and 
write T-f B = m B a. Now 

f A = /4,incline F NA = jL/tTIa g COS 0 

using Eq. 6-12 applies to block A, and 

f B = jU k F NB = jU k m B g. 

In this particular problem, we are asked to set [X = 0, and the resulting equations can be 
straightforwardly solved for the tension: T = 13 N. 

(b) Similarly, finding the value of a is straightforward: 

a = g(m A sinO- jUkm B )/(mA+ ms) =1.6 m/s . 


82. (a) If the skier covers a distance L during time t with zero initial speed and a constant 
acceleration a, then L = at 12, which gives the acceleration a\ for the first (old) pair of 
skis: 

2L 2(200 m) , 

a, =^ = ^ 5^ = 0.11 m/s 2 . 

tf (61 s) 2 

(b) The acceleration a 2 for the second (new) pair is 

2L 2(200 m) , 

a 2 =^- = -^ ^ = 0.23 m/s 2 . 

(42 s) 2 

(c) The net force along the slope acting on the skier of mass m is 

F net = mgsiní? - f k = mg(sm0 - jU k cosO) = ma 
which we solve for fi k \ for the first pair of skis: 

u = ían 6>- = tan3.0° °- U m/&2 = 0 041 

H gcos^ (9.8 m/s 2 ) cos 3. 0 o 


(d) For the second pair, we have 


83. If we choose "downhill" positive, thenNewton's law gives 

mgsinO-fk = ma 
for the sliding child. Now using Eq. 6-12 

f k = ju k F N = ju k mg, 

so we obtain a = g(sin#- /4cos#) = - 0.5 m/s (note that the problem gives the direction 
of the acceleration vector as uphill, even though the child is sliding downhill, so it is a 
deceleration). With 6= 35°, we solve for the coefficient and find /4 = 0.76. 


84. At the top of the hill the vertical forces on the car are the upward normal force 
exerted by the ground and the downward pull of gravity. Designating +y downward, we 
have 

mv 2 

mg ~ N = ~K~ 

from Newton's second law. To find the greatest speed without leaving the hill, we set F N 
= 0 and solve for v: 


v = Tgtf = V(9.8m/s 2 )(250 m) = 49.5 m/s = 49.5(3600/1000) km/h = 178 km/h. 


85. The mass of the car is m = (10700/9.80) kg = 1.09 x IO 3 kg. We choose "inward" 
(horizontally towards the center of the circular path) as the positive direction. 

(a) With v = 13.4 m/s and R = 61 m, Newton's second law (using Eq. 6-18) leads to 

/ s = — = 3.21xl0 3 N. 
R 

(b) Noting that F N = mg in this situation, the maximum possible static friction is found to 
be 

X, ffia x = H.mg = (0.35)(10700 N) = 3.75 x IO 3 N 

using Eq. 6-1. We see that the static friction found in part (a) is less than this, so the car 
rolls (no skidding) and successfully negotiates the curve. 


86. (a) Our +x direction is horizontal and is chosen (as we also do with +y) so that the 
components of the 100 N force F are non-negative. Thus, F x = F cos 0 = 100 N, which 
the textbook denotes Fh in this problem. 

(b) Since there is no vertical acceleration, application of Newton's second law in the y 
direction gives 

F N + F y = mg => F N = mg-Fsin0 

where m = 25.0 kg. This yields F N = 245 N in this case (0= 0 o ). 

(c) Now, F x = F h = F cos 0= 86.6 N for 0= 30.0°. 

(d) And F N =mg-F sin 0= 195 N. 

(e) WefindF x = F* = Fcos 0= 50.0 N for 0=60.0°. 

(f) AndF w = mg-Fsin 0= 158 N. 

(g) The condition for the chair to slide is 

F * > = Pfs where A = °- 42 - 

For 0= 0°, we have 

F x = 100 N < f s mãx = (0.42)(245 N) = 103 N 

so the crate remains at rest. 

(h) For 6>=30.0°, wefind 

F x = 86.6 N > f s _ = (0.42)(195 N) = 81.9 N 

so the crate slides. 

(i) For 6>=60°, we get 

F x = 50.0 N < / ç max = (0.42X158 N) = 66.4 N 
which means the crate must remain at rest. 


87. For simplicity, we denote the 70° angle as 0 and the magnitude of the push (80 N) as 
P. The vertical forces on the block are the downward normal force exerted on it by the 
ceiling, the downward pull of gravity (of magnitude mg) and the vertical component of 
/> (which is upward with magnitude P sin 0). Since there is no acceleration in the vertical 
direction, we must have 

F N = Psind-mg 
in which case the leftward-pointed kinetic friction has magnitude 

Choosing +x rightward, Newton' s second law leads to 

. . Pcos0-u k (Pán0-mg) 

Pcos 9-f k =ma => a = — — 

m 


which yields a = 3.4 m/s 2 when /4 = 0.40 and m = 5.0 kg. 


88. (a) The intuitive conclusion, that the tension is greatest at the bottom of the swing, is 
certainly supported by application of Newton's second law there: 


mv 


T — mg = => T ' = m 

R 


g + 


2^ 


R 


where Eq. 6-18 has been used. Increasing the speed eventually leads to the tension at the 
bottom of the circle reaching that breaking value of 40 N. 

(b) Solving the above equation for the speed, we find 



f f \ 



— g 

= j(0.91m) 


K m j 



40N -9. 8m /s^ 


0.37 kg 


which yields v = 9.5 m/s. 


89. (a) The push (to get it moving) must be at least as big as / s ,max = ju s F N (Eq. 6-1, with 
F N = mg in this case), which equals (0.51)(165 N) = 84.2 N. 

(b) While in motion, constant velocity (zero acceleration) is maintained if the push is 
equal to the kinetic friction force ft = jUkF N = \i\ í mg= 52.8 N. 

(c) We note that the mass of the crate is 165/9.8 = 16.8 kg. The acceleration, using the 
push from part (a), is 

a = (84.2N-52.8N)/(16.8kg) - 1.87 m/s 2 . 


90. In the figure below, m = 140/9.8 = 14.3 kg is the mass of the child. We use w x and 
w as the components of the gravitational pull of Earth on the block; their magnitudes 

are w x = mg sin #and w y = mg cos 0. 



2 

(a) With the x axis directed up along the incline (so that a = -0.86 m/s ), Newton's 
second law leads to 

/,-140sin25°=m(-0.86) 

which yields fk = 47 N. We also apply Newton' s second law to the y axis (perpendicular 
to the incline surface), where the acceleration-component is zero: 

F A ,-140cos25° = 0 => iv=127N. 
Therefore, /& =fklF N = 0.37. 

(b) Returning to our first equation in part (a), we see that if the downhill component of 
the weight force were insufficient to overcome static friction, the child would not slide at 
ali. Therefore, we require 140 sin 25° >/ ç , max = ju s F N , which leads to tan 25° = 0.47 > ju s . 
The minimum value of jU s equals /4 and is more subtle; reference to §6-1 is recommended. 
If jUk exceeded jU s then when static friction were overcome (as the incline is raised) then it 
should start to move - which is impossible if fk is large enough to cause deceleration! The 
bounds on ju s are therefore given by 0.47 > fl s > 0.37. 


91. We apply Newton's second law (as F push - /= ma). If we find F push < f max , we 
conclude "no, the cabinet does not move" (which means a is actually 0 and /= F pus h), and 
if we obtain a > 0 then it is moves (so f=fk). For/n ax and fk we use Eq. 6-1 and Eq. 6-2 
(respectively), and in those formulas we set the magnitude of the normal force equal to 
556 N. Thus,/ max = 378Nand/i = 311 N. 

(a) Here we find F pus h < f max which leads to /= F pus h = 222 N. 

(b) Again we find F pus h < / max which leads to /= F pus h = 334 N. 

(c) Now we have F pus h >f ma x which means it moves and f=fk = 3 1 1 N. 

(d) Again we have F pus h > - /max which means it moves and f=fk = 3 1 1 N. 

(e) The cabinet moves in (c) and (d). 


92. (a) The tension will be the greatest at the lowest point of the swing. Note that there is 
no substantive difference between the tension T in this problem and the normal force F N 
in Sample Problem 6-7. Eq. 6-19 of that Sample Problem examines the situation at the 
top of the circular path (where F N is the least), and rewriting that for the bottom of the 
path leads to 

T = mg + mv Ir 

where F N is at its greatest value. 

(b) At the breaking point T = 33 N = m(g + v 2 /r) where m = 0.26 kg and r = 0.65 m. 
Solving for the speed, we find that the cord should break when the speed (at the lowest 
point) reaches 8.73 m/s. 


93. (a) The component of the weight along the incline (with downhill understood as the 
positive direction) is mg sin#where m = 630 kg and 0= 10.2°. With /= 62.0 N, Newton's 
second law leads to 


mgsiné? - f = ma 
which yields a = 1.64 m/s 2 . Using Eq. 2-15, we have 


80.0 m = 


6.20 — \t + - 


1.64 ™ | t 

s 


This is solved using the quadratic formula. The positive root is t = 6.80 s. 


(b) Running through the calculation of part (a) with /= 42.0 N instead of /= 62 N results 
in t= 6.76 s. 


94. (a) The x component of F tries to move the crate while its y component indirectly 
contributes to the inhibiting effects of friction (by increasing the normal force). 
Newton' s second law implies 

x direction: Fcos0-f s = 0 

y direction: F N - FúnO- mg = 0. 

To be "on the verge of sliding" means f s = / S;max = jU s F N (Eq. 6-1). Solving these 
equations for F (actually, for the ratio of F to mg) yields 


mg cosO - Jil s ún0 
This is plotted on the right (0'm degrees). 

60 

(b) The denominator of our expression (for F/mg) 
vanishes when 


cos6> -ju s sin# = 0 


0 inf = tan" 



20 30 40 50 


For fi = 0.70, we obtain 6 ^ ~ tan ' 


= 55 c 


(c) Reducing the coefficient means increasing the angle by the condition in part (b). 

59° 


(d) For ^ = 0.60 we have 6 ™ ~ tan ' 


( 1 > 


95. The car is in "danger of sliding" down when 

fi a = tan0 = tan 35.0° = 0.700. 

This value represents a 3.4% decrease from the given 0.725 value. 


96. For the m 2 = 1.0 kg block, application of Newton's laws result in 

F cosO-T - f k = m 2 a x axis 
F N -Fún0-m 2 g = 0 j axis 

Since fk = Hk Fn, these equations can be combined into an equation to solve for a: 

F(cos0-jU k sin 6)-T - jU k m 2 g = m 2 a 

Similarly (but without the applied push) we analyze the mr 2.0 kg block: 

T — f' k - m x a x axis 
F' N -m x g = 0 y axis 

Using^4 = /4 F' N , the equations can be combined: 

T-/u k m x g = m x a 

Subtracting the two equations for a and solving for the tension, we obtain 

r _ m 1 (cos^-//,sin^) i7 _ (2.0kg)[cos35 o -(0.20)sin35 o ] (20N) _ 9/|N 
m l +m 2 2.0 kg + 1.0 kg 


97. (a) The x component of F contributes to the motion of the crate while its y 
component indirectly contributes to the inhibiting effects of friction (by increasing the 
normal force). Along the y direction, we have F N - FcosB - mg = 0 and along the x 
direction we have FsinB -fk = 0 (since it is not accelerating, according to the problem). 
Also, Eq. 6-2 gives fa = /4 F N . Solving these equations for F yields 

p _ Mk m g 
sin&- ju k cosO 

(b) When 0 <0 O = tan 1 ju s , F will not be able to move the mop head. 


98. Consider that the car is "on the verge of sliding out" - meaning that the force of static 

friction is acting "down the bank" (or "downhill" from the point of view of an ant on the 

— > 

banked curve) with maximum possible magnitude. We first consider the vector sum F 

of the (maximum) static friction force and the normal force. Due to the facts that they are 

— > 

perpendicular and their magnitudes are simply proportional (Eq. 6-1), we find F is at 

angle (measured from the vertical axis) 0= 0 + 0 S where tan 0 S = ju s (compare with Eq. 6- 

-> 

13), and 0is the bank angle. Now, the vector sum of F and the vertically downward pull 
{mg) of gravity must be equal to the (horizontal) centripetal force (mv 2 /R), which leads to 
a surprisingly simple relationship: 

mv 2 /R v 2 
Y mg Rg 


Writing this as an expression for the maximum speed, we have 


(a) We note that the given speed is (in SI units) roughly 17 m/s. If we do not want the 
cars to "depend" on the static friction to keep from sliding out (that is, if we want the 
component "down the back" of gravity to be sufficient), then we can set ju s = 0 in the 
above expression and obtain v = ^Rg tan0 . With R= 150 m, this leads to 0= 1 I o . 


(b) If, however, the curve is not banked (so 0=0) then the above expression becomes 


v = ^gtanttan 1 ju s ) = ^Rg<u s 
Solving this for the coefficient of static friction /4 = 0.19. 


99. Replace^ with f k in Fig. 6-5(b) to produce the appropriate force diagram for the first 
part of this problem (when it is sliding downhill with zero acceleration). This amounts to 
replacing the static coefficient with the kinetic coefficient in Eq. 6-13: jUk = tan# Now 
(for the second part of the problem, with the block projected uphill) the friction direction 
is reversed from what is shown in Fig. 6-5(b). Newton's second law for the uphill motion 
(and Eq. 6-12) leads to 

- mgsind- jUkmgcosd= ma. 
Canceling the mass and substituting what we found earlier for the coefficient, we have 

-gsiné?- tan#gcos#= a . 
This simplifies to - 2gsin#= a. Eq. 2-16 then gives the distance to stop: Ax = -v 0 12a. 

(a) Thus, the distance up the incline traveled by the block is Ax = v 0 2 /(4gsin#). 

(b) We usually expect /4> fi k (see the discussion in section 6-1). Sample Problem 6-2 
treats the "angle of repose" (the minimum angle necessary for a stationary block to start 
sliding downhill): ju s = tan(# rep ose). Therefore, we expect # re pose > 0 found in part (a). 
Consequently, when the block comes to rest, the incline is not steep enough to cause it to 
start slipping down the incline again. 


100. Analysis of forces in the horizontal direction (where there can be no acceleration) 
leads to the conclusion that F = Fn', the magnitude of the normal force is 60 N. The 
maximum possible static friction force is therefore jU s F N = 33 N, and the kinetic friction 
force (when applicable) is jUkF N = 23 N. 

(a) In this case, P = 34 N upward. Assuming / points down, then Newtohs second 
law for the y leads to 

P - mg -f = ma . 


if we assume f=f and a = 0, we obtain /= (34 - 22) N = 12 N. This is less than/ v> 

— » 

which shows the consistency of our assumption. The answer is: f = 12 N down. 


(b) In this case, P = 12 N upward. The above equation, with the same assumptions as in 

part (a), leads to /= (12 - 22) N = -10 N. Thus, \f \ <f, max, justifying our assumption 

that the block is stationary, but its negative value tells us that our initial assumption about 

-» -» 
the direction of / is incorrect in this case. Thus, the answer is: f =10Nup. 

— > 

(c) In this case, P = 48 N upward. The above equation, with the same assumptions as in 

part (a), leads to /= (48 - 22) N = 26 N. Thus, we again have/, <f, max , and our answer 

—> 

is: f s = 26 N down. 

— > 

(d) In this case, P = 62 N upward. The above equation, with the same assumptions as in 
part (a), leads to/= (62 - 22) N = 40 N, which is larger than/ Çi maX; — invalidating our 
assumptions. Therefore, we take f=f and a ■£ 0 in the above equation; if we wished to 
find the value of a we would find it to be positive, as we should expect. The answer is: 

% = 23 N down. 

(e) In this case, P = 10 N downward. The above equation (but with P replaced with -P) 
with the same assumptions as in part (a), leads to/= (-10 - 22) N = -32 N. Thus, we 
have \f s \< f, max, justifying our assumption that the block is stationary, but its negative 

value tells us that our initial assumption about the direction of / is incorrect in this case. 

— > 

Thus, the answer is: f = 32 N up. 

(f) In this case, P = 18 N downward. The above equation (but with P replaced with -P) 
with the same assumptions as in part (a), leads to /= (-18 - 22) N = -40 N, which is 
larger (in absolute value) than/ s max , — invalidating our assumptions. Therefore, we take 

f=fk and a ■£ 0 in the above equation; if we wished to find the value of a we would find it 

— > 

to be negative, as we should expect. The answer is: f = 23 N up. 

(g) The block moves up the wall in case (d) where a > 0. 

(h) The block moves down the wall in case (f) where a < 0. 

(i) The frictional force f is directed down in cases (a), (c) and (d). 


101. (a) The distance traveled by the coin in 3.14 s is 3(2m-) = 6^(0.050) = 0.94 m. Thus, 
its speed is v = 0.94/3.14 = 0.30 m/s. 


(b) The centripetal acceleration is given by Eq. 6-17: 


_ v 2 _ (0.30 m/s) 2 
~ r ~ 0.050 m 


= 1.8 m/s 2 . 


(c) The acceleration vector (at any instant) is horizontal and points from the coin towards 
the center of the turntable. 

(d) The only horizontal force acting on the coin is static friction f s and must be large 
enough to supply the acceleration of part (b) for the m = 0.0020 kg coin. Using Newton's 
second law, 


(e) The static friction f s must point in the same direction as the acceleration (towards the 
center of the turntable). 

(f) We note that the normal force exerted upward on the coin by the turntable must equal 
the coin's weight (since there is no vertical acceleration in the problem). We also note 
that if we repeat the computations in parts (a) and (b) for r' = 0.10 m, then we obtain v' = 
0.60 m/s and a' =3.6 m/s . Now, if friction is at its maximum at r = r', then, by Eq. 6-1, 


f s =ma = 


(0.0020 kg) (1.8 m/s 2 ) = 3.6 x IO" 3 N. 


we obtain 


•/í,max mU 

mg mg 


= 0.37 . 


102. (a) The distance traveled in one revolution is 2nR = 2^(4.6 m) = 29 m. The (constant) 
speed is consequently v = (29 m)/(30 s) = 0.96 m/s. 

(b) Newton's second law (using Eq. 6-17 for the magnitude of the acceleration) leads to 


f s = m 


= m(0.20) 


in SI units. Noting that F N = mg in this situation, the maximum possible static friction is 
Amax = M* m g using Eq. 6-1. Equating this with/ v = m(0.20) we find the mass m cancels 
and we obtain ju s = 0.20/9.8 = 0.021. 


103. (a) The box doesn't move until t = 2.8 s, which is when the applied force F reaches 
a magnitude ofF= (1.8)(2.8) = 5.0 N, implying therefore that/ v , max = 5.0 N. Analysis of 
the vertical forces on the block leads to the observation that the normal force magnitude 
equals the weight F N = mg = 15 N. Thus, ju s =f St míí JF N = 0.34. 

(b) We apply Newton's second law to the horizontal x axis (positive in the direction of 
motion): 

F-f k =ma => Ut-f k = (\.5)(\2t-2A) 
Thus, we find/t = 3.6 N. Therefore, jU k =f k /F N = 0.24. 


104. We note that F N = mg in this situation, so f k = /u k mg = (0.32) (220 N) = 70.4 N and 
Amax = ju s mg = (0.41) (220 N) = 90.2 N. 

(a) The person needs to push at least as hard as the static friction maximum if he hopes to 
start it moving. Denoting his force as P, this means a value of P slightly larger than 

90.2 N is sufficient. Rounding to two figures, we obtain P = 90 N. 

(b) Constant velocity (zero acceleration) implies the push equals the kinetic friction, so 
P = 70N. 

(c) Applying Newton' s second law, we have 

P- f k =ma^> a = — — k 

m 


which simplifies to a = g(jU s - jUt) = 0.88 m/s . 


105. Probably the most appropriate picture in the textbook to represent the situation in 
this problem is in the previous chapter: Fig. 5-9. We adopt the familiar axes with +x 
rightward and +y upward, and refer to the 85 N horizontal push of the worker as P (and 
assume it to be rightward). Applying Newton' s second law to the x axis and y axis, 
respectively, produces 

P-f k =ma 
F N -mg = 0. 

Using v 2 = v 2 + 2aAx we find a = 0.36 m/s 2 . Consequently, we obtain f k = 71 N and F N = 
392 N. Therefore, jU k =fij F N = 0. 1 8. 


106. (a) The centripetal force is given by Eq. 6-18: 

mv 2 (1.00 kg) (465 m/s) 2 

F = — = ± - = 0.0338N. 

R 6.40 x IO 6 m 

(b) Calling downward (towards the center of Earth) the positive direction, Newton's 
second law leads to 

mg - T = ma 


where mg = 9.80 N and ma = 0.034 N, calculated in part (a). Thus, the tension in the cord 
by which the body hangs from the balance is T = 9.80 N - 0.03 N = 9.77 N. Thus, this is 
the reading for a standard kilogram mass, of the scale at the equator of the spinning Earth. 


107. Except for replacing/J with fk, Fig 6-5 in the textbook is appropriate. With that 
figure in mind, we choose uphill as the +x direction. Applying Newton' s second law to 
the x axis, we have 

W 

f k -W ún6 = ma where m = — , 

8 

and where W = 40 N, a = +0.80 m/s 2 and 0= 25°. Thus, we úndf k = 20 N. Along the y 
axis, we have 

£ F ^ = 0 => — W cos 0 

so that jUt =fkl F N = 0.56. 


108. The assumption that there is no slippage indicates that we are dealing with static 
friction f, and it is this force that is responsible for "pushing" the luggage along as the 
belt moves. Thus, Fig. 6-5 in the textbook is appropriate for this problem — if one 
reverses the arrow indicating the direction of motion (and removes the word 
"impending"). The mass of the box is m = 69/9.8 = 7.0 kg. Applying Newtohs law to 
the x axis leads to 

f - mg sin 0 = ma 
where 6= 2.5° and uphill is the positive direction. 

(a) Interpreting "temporarily at rest" (which is not meant to be the same thing as 
"momentarily at rest") to mean that the box is at equilibrium, we have a = 0 and, 
consequently,/ s = mg sin 6= 3.0 N. It is positive and therefore pointed uphill. 

(b) Constant speed in a one-dimensional setting implies that the velocity is constant — 
thus, a = 0 again. We recover the answer f = 3.0 N uphill, which we obtained in part (a). 

(c) Early in the problem, the direction of motion of the luggage was given: downhill. 
Thus, an increase in that speed indicates a downhill acceleration a = -0.20 m/s . We now 
solve for the friction and obtain 

f s = ma + mg sin 6= 1.6 N, 

which is positive -- therefore, uphill. 

(d) A decrease in the (downhill) speed indicates the acceleration vector points uphill; 
thus, a = +0.20 m/s . We solve for the friction and obtain 

f s = ma + mg sin#= 4.4 N, 

which is positive — therefore, uphill. 

(e) The situation is similar to the one described in part (c), but with a = -0.57 m/s . Now, 

f s = ma + mg sin#= -1.0 N, 
or \f | = 1.0 N . Since f is negative, the direction is downhill. 

(f) From the above, the only case where f is directed downhill is (e). 


109. We resolve this horizontal force into 
appropriate components. 

(a) Applying Newton' s second law to the x (directed 
uphill) and y (directed away from the incline surface) 
axes, we obtain 

F cosô- f k - mg sin6> = 
F N - F sin<9 - mg cosô = 

Using^ = /ik F N , these equations lead to 

F 

a = — (cos#-// i sin#)-g(sin#+// /i: cos6>) 
m 

2 2 

which yields a = -2.1 m/s , or \a\ = 2.\ m/s , for /4 = 0.30, F= 50 N and m = 5.0 kg. 

(b) The direction of a is down the plane. 

(c) With v 0 = +4.0 m/s and v = 0, Eq. 2-16 gives 

(4.0 m/s) 2 „ n 

Áx = — J — = 3.9m. 

2(-2.1m/s 2 ) 

(d) We expect /4 > /4; otherwise, an object started into motion would immediately start 
decelerating (before it gained any speed)! In the minimal expectation case, where jl s = 
0.30, the maximum possible (downhill) static friction is, using Eq. 6-1, 

X.max = Ms F n = M s ( F sm0 + mg COS0) 

which turns out to be 21 N. But in order to have no acceleration along the x axis, we must 
have 

f s =F cos0- mg sin# = 10 N 

(the fact that this is positive reinforces our suspicion that f s points downhill). Since the/ s 
needed to remain at rest is less than/ max then it stays at that location. 



1 . (a) The change in kinetic energy for the meteorite would be 

ÒX = K f -K t =-K t =~rny] = -^(4xl0 6 kg)(l5xl0 3 m/s)' = -5xl0 14 J , 

or | AK |= 5xl0 14 J . The negative sign indicates that kinetic energy is lost. 
(b) The energy loss in units of megatons of TNT would be 

-A£ = (5xl0 14 j) 


1 megaton TNT ^ 
4.2xl0 15 J 


= 0.1 megaton TNT. 


(c) The number of bombs N that the meteorite impact would correspond to is found by 
noting that megaton = 1000 kilotons and setting up the ratio: 

A7 O.lxlOOOkilotonTNT 0 

N = = 8. 

DkilotonTNT 


2. With speed v = 1 1200 m/s, we find 


^ = I mv 2 =^-(2.9xl0 5 kg) (1 1200 m/s) 2 =1.8xl0 13 J. 


3. (a) From Table 2-1, we have v 2 = v 2 0 +2aAx . Thus, 


v = ^/v 0 2 + 2aAx =^(2.4xl0 7 m/sf +2 (3.6xl0 15 m/s 2 )(0.035 m) = 2.9xl0 7 m/s. 
(b) The initial kinetic energy is 

^. = I mVo 2 =1 (i. 67 x 1(T 27 kg) (2.4 x IO 7 m/s) 2 =4.8 x 1(T 13 J. 
The final kinetic energy is 

Kj . =|mv 2 = i (l. 67 x IO" 27 kg) (2.9 x IO 7 m/s) 2 =6.9 x IO" 13 J. 
The change in kinetic energy is AK= 6.9 x IO" 13 J - 4.8 x IO" 13 J = 2.1 x IO" 13 J. 


4. The work done by the applied force F a is given by W = F a - d = F a d cos(p . From Fig. 
7-24, we see that W = 25 J when 0 = 0 and d -5.0 cm . This yields the magnitude of F a : 


F = — = 25 3 =5.0xl0 2 N. 
a d 0.050 m 


(a) For (/) = 64° , we have W = F a d cos^ = (5.0xl0 2 N)(0.050 m) cos 64° = 1 1 J. 


(b) For <jt = 1 47° , we have W = F a d cos (/> = (5.0xl0 2 N)(0.050 m) cos 147° = -21 J. 


5. We denote the mass of the father as m and his initial speed v,-. The initial kinetic energy 
of the father is 

K,=-K 


and his final kinetic energy (when his speed is v/= Vj + 1.0 m/s) is K f = K^. We use 
these relations along with Eq. 7-1 in our solution. 

(a) We see from the above that K t = \ K f which (with SI units understood) leads to 


1 2 1 

— mV. = — 


-m (v ; :+ 1.0 m/s) 2 


The mass cancels and we find a second-degree equation for v ; : 


Ivf-v,.-I=0. 

2 ' '2 


The positive root (from the quadratic formula) yields v, = 2.4 m/s. 
(b) From the first relation above [K i - jK^) , we have 


(\ 


— mv. = — 
2 2 


- (m/2) v, 


2 

son 


and (after canceling m and one factor of 1/2) are led to v son = 2v i = 4.8 m/s. 


6. We apply the equationx(í) = x 0 + v 0 t + \at 2 , found in Table 2-1. Since at t = 0 s, xo = 0 
and v 0 = 1 2 m/s , the equation becomes (in unit of meters) 


x(t) = \2t + \at 2 . 

With x = 10 mwhen f = 1.0 s, the acceleration is found to be a = -4.0 m/s 2 . The fact 
that a < 0 implies that the bead is decelerating. Thus, the position is described by 
x{t) = 1 2t - 2 . Ot 2 . Differentiating x with respect to t then yields 

v(í) = — = 12-4.0í. 
í/í 

Indeed at í =3 .0 s, v(í = 3 . 0) = 0 and the bead stops momentarily . The speed at t - 1 0 s is 
v(t = 1 0) = -28 m/s , and the corresponding kinetic energy is 

^ = I mv 2 =^(1.8xlO- 2 kg)(-28 m/s) 2 =7.1 J. 


7. By the work-kinetic energy theorem, 

W = AK = ^ mvj - 1 mvf = ^ (2.0 kg) ((6.0 m/s) 2 - (4.0 m/s) 2 ) = 20 J. 
We note that the directions of vy and v, play no role in the calculation. 


8. Eq. 7-8 readily yields 

W= F x Ax + F y Ay =(2.0 N)cos(100°)(3.0 m) + (2.0 N)sin(100°)(4.0 m) = 6.8 J. 


9. Since this involves constant-acceleration motion, we can apply the equations of Table 
2-1, such as x = v Q t + \at 2 (where x 0 = 0). We choose to analyze the third and fifth 
points, obtaining 

0.2m = v 0 (1.0 s) + |a (1.0 s) 2 
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0.8m = v 0 (2.0 s) + -a (2.0 s) 2 

Simultaneous solution of the equations leads to v 0 = 0 and a = 0.40 m/s 2 . We now have 

two ways to finish the problem. One is to compute force from F = ma and then obtain the 
work from Eq. 7-7. The other is to find AK as a way of computing W (in accordance 
with Eq. 7-10). In this latter approach, we find the velocity at í = 2.0s from 

v = v 0 + at(so v = 0.80m/s) . Thus, 


W = A/í = -(3.0kg)(0.80m/s) 2 = 0.96 J. 


10. Using Eq. 7-8 (and Eq. 3-23), we find the work done by the water on the ice block: 


W = F-d = 


(210N)i-(150N)j • (15m)i-(12m)j = (210 N)(15 m) + (-150 N)(-12 


= 5.0xl0 3 J. 


11. We choose +x as the direction of motion (so a and F are negative-valued). 

(a) Newton's second law readily yields F = (85 kg) (-2.0 m/s 2 ) so that 

F=|F| = 1.7xl0 2 N. 

(b) From Eq. 2-16 (with v = 0) we have 

, (37m/s) 2 , 

0 = v 2 fí +2aAx => Ax = ) = 3.4xl0 2 m. 

2 (-2.0 m/s 2 ) 

Alternatively, this can be worked using the work-energy theorem. 

(c) Since F is opposite to the direction of motion (so the angle 0 between F and 
d = Ax is 180°) then Eq. 7-7 gives the work done as W = -FAx = -5.8 x IO 4 J . 

(d) In this case, Newton's second law yields F = (85 kg) (-4.0 m/s 2 ) so that 
F=|F| = 3.4xl0 2 N. 

(e) From Eq. 2-16, we now have 

(37m/s) 2 , 

Ax = ) > =\j x \0 2 m. 

2 (-4.0 m/s 2 ) 

(f) The force F is again opposite to the direction of motion (so the angle 0is again 180°) 
so that Eq. 7-7 leads to W = -FAx = -5.8 x IO 4 J. The fact that this agrees with the result 
of part (c) provides insight into the concept of work. 


12. The change in kinetic energy can be written as 


1 9 9 1 

AK = —m(v f - v i ) = —m(2aAx) = maAx 

where we have used v 2 f -vf + 2aAx from Table 2-1. From Fig. 7-27, we see that 
AK = (0-30) J = -3 0 J when Ax — +5 m . The acceleration can then be obtained as 

AK (-30 J) . nc . 2 

a = = = -0.75 m/s 2 . 

mAx (8.0 kg)(5.0 m) 

The negative sign indicates that the mass is decelerating. From the figure, we also see 
that when x-5 mthe kinetic energy becomes zero, implying that the mass comes to rest 
momentarily. Thus, 

v 0 2 =v 2 -2aAx = 0-2(-0.75 m/s 2 )(5.0 m) = 7.5 m 2 /s 2 , 
or v 0 = 2.7 m/s . The speed of the object whenx = -3.0 m is 


v = ^/v 2 + 2a Ax = ^7.5 m 2 /s 2 + 2(-0 .75 m/s 2 )(-3 . 0 m) = JÍ2 m/s = 3 . 5 m/s. 


13. (a) The forces are constant, so the work done by any one of them is given by 
W= F d , where d is the displacement. Force F l is in the direction of the displacement, 
so 

W l =F x d cos A =(5.00 N) (3.00 m) cos 0 o = 15.0 J. 
Force F 2 makes an angle of 120° with the displacement, so 

W 2 =F 2 í/cos^ 2 =(9.00 N)(3.00m)cosl20° = -13.5 J. 
Force F i is perpendicular to the displacement, so 

W$ = F 3 d cos ^3 = 0 since cos 90° = 0. 
The net work done by the three forces is 

W = W l +W 2 +W 3 =\5.0 J-13.5 J + 0 = +1.50 J. 

(b) If no other forces do work on the box, its kinetic energy increases by 1 .50 J during the 
displacement. 


14. (a) From Eq. 7-6, F = W/x = 3.00 N (this is the slope of the graph). 
(b) Eq. 7-10 yields W= 3.00 J + 6.00 J = 9.00 J. 


15. Using the work-kinetic energy theorem, we have 

AK = W = F-d = Fdcos0 

In addition, F = 1 2 N and d = ^(2.00 m) 2 +(-4.00 m) 2 + (3.00 m) 2 
(a)If = +30.0 J,then 


^ = cos 


(b) = -30.0 J,then 


AK\ 
~Fd) 


- cos 


30.0 J 


(12.0N)(5.39m) 


= 62.3 C 





cos 1 


- cos -1 


K Fdj 

V 


-30.0 J 


(12.0N)(5.39m) 


118° 


16. The forces are ali constant, so the total work done by them is given by W = F net Ax , 
where F net is the magnitude of the net force and Ax is the magnitude of the displacement. 
We add the three vectors, finding the x and y components of the net force: 


F „etx =-i 7 1 -i 7 2 sin50.0° + F 3 cos35.0 o = -3.00N-(4.00N)sin35.0 o + (10.0N)cos35.0 o 
= 2.13N 

F ntty =-F 2 cos50.0° + F 3 sin35.0° = -(4.00N) cos50.0° + (10.0N)sin35.0° 
= 3.17N. 

The magnitude of the net force is 

F n «=^L+FÍ y =V(2.13N) 2 +(3.17N) 2 =3.82N. 

The work done by the net force is 

W = F n J = (3.82 N)(4.00m) = 15.3 J 

where we have used the fact that d ||F net (which follows from the fact that the canister 
started from rest and moved horizontally under the action of horizontal forces — the 
resultant effect of which is expressed by F net ). 


17. (a) We use F to denote the upward force exerted by the cable on the astronaut. The 
force of the cable is upward and the force of gravity is mg downward. Furthermore, the 
acceleration of the astronaut is g/10 upward. According to Newton' s second law, F - mg 
= mg/10, so F= 11 mg/10. Since the force F and the displacement d are in the same 


(b) The force of gravity has magnitude mg and is opposite in direction to the 
displacement. Thus, using Eq. 7-7, the work done by gravity is 


which should be quoted as - 1 . 1 x IO 4 J. 

(c) The total work done is W = 1.164 x IO 4 J - 1.058 x IO 4 J = 1.06x1 0 3 J . Since the 
astronaut started from rest, the work-kinetic energy theorem tells us that this (which we 
round to 1 . 1 x IO 3 J ) is her final kinetic energy. 

(d) Since K = \mv 2 , her final speed is 


direction, the work done by F is 


W F =Fd = 


1 \mgd _ 1 1 (72 kg)(9.8 m/s 2 )(15 m) 
10 10 


= 1.164xl0 4 J 


which (with respect to significant figures) should be quoted as 1.2 x 10 4 J. 


W = -mgd = - (72 kg)(9.8 m/s 2 )(15 m) = -1.058x1 0 4 J 



18. In both cases, there is no acceleration, so the lifting force is equal to the weight of the 
object. 

(a) Eq. 7-8 leads to W = F d = (360kN)(0.10m) = 36 kJ. 

(b) In this case, we find W= (4000 N)(0.050 m) = 2.0x1 0 2 J . 


19. (a) We use F to denote the magnitude of the force of the cord on the block. This force 
is upward, opposite to the force of gravity (which has magnitude Mg). The acceleration is 
ã = g/4 downward. Taking the downward direction to be positive, then Newton's second 
law yields 


F net =fflfl=> Mg -F = M 


V4y 


so F = 3Mg/4. The displacement is downward, so the work done by the cord's force is, 
using Eq. 7-7, 

W F = -Fd = -3Mgd/4. 

(b) The force of gravity is in the same direction as the displacement, so it does work 
W g =Mgd. 

(c) The total work done on the block is -3M gd/4+ M gd = Mgd/4. Since the block 
starts from rest, we use Eq. 7-15 to conclude that this (M gd/4) is the block's kinetic 
energy K at the moment it has descended the distance d. 

(d) Since K = {Mv 2 , the speed is 


v = 



2(Mgd/4) 
M 



at the moment the block has descended the distance d. 


20. (a) Using notation common to many vector capable calculators, we have (from Eq. 7- 
8) W= dot([20.0,0] + [0, -(3.00)(9.8)], [0.500 Z 30.0°]) = +1.31 J. 


(b) Eq. 7-10 (along with Eq. 7-1) then leads to 

v = V2(1.31 J)/(3.00kg) = 0.935 m/s. 


21. The fact that the applied force F a causes the box to move up a frictionless ramp at a 
constant speed implies that there is no net change in the kinetic energy: AK - 0 . Thus, 
the work done by F a must be equal to the negative work done by gravity: W a = —W g . 
Since the box is displaced vertically upward by /z = 0.150 m,we have 


W a = +mgh = (3.00 kg)(9.80 m/s 2 )(0.150 m) = 4.41 J 


22. From the figure, one may write the kinetic energy (in units of J) as a function of x as 

A" = £,-20* = 40 -20* 


Since W - AK = F x - Áx , the component of the force along the force along +x is 
F x = dK I dx = -20 N. The normal force on the block is F N = F y , which is related to the 
gravitational force by 

mg = ^F x 2 + (-F y ) 2 . 

(Note that F N points in the opposite direction of the component of the gravitational force.) 
With an initial kinetic energy K s = 40.0 J and v 0 = 4.00 m/s , the mass of the block is 

2K s 2(40.0 J) _ „„ . 

m = — ^- = — '— = 5.00 kg. 

v 0 2 (4.00 m/s) 2 

Thus, the normal force is 

F y =^(mgf-F x 2 = ^(5.0 kg) 2 (9.8 m/s 2 ) 2 - (20 N) 2 =44.7N = 45N. 


23. Eq. 7-15 applies, but the wording of the problem suggests that it is only necessary to 
examine the contribution from the rope (which would be the "Wa" term in Eq. 7-15): 

W a = -(50 N)(0.50 m) = -25 J 

(the minus sign arises from the fact that the pull from the rope is anti-parallel to the 
direction of motion of the block). Thus, the kinetic energy would have been 25 J greater 
if the rope had not been attached (given the same displacement). 


24. We use d to denote the magnitude of the spelunker's displacement during each stage. 
The mass of the spelunker is m = 80.0 kg. The work done by the lifting force is denoted 
Wi where i = 1, 2, 3 for the three stages. We apply the work-energy theorem, Eq. 17-15. 


(a) For stage 1, W x -mgd = AK l = \mv\, where v l = 5.00 m/s. This gives 

W l =mgd+^mvf =(80.0 kg)(9.80 m/s 2 )(10.0 m)+|(80.0 kg)(5.00 m/s) 2 =8.84xl0 3 J. 

(b) For stage 2, W2 - mgd = AK 2 = 0, which leads to 

ff 2 =mgí/ = (80.0kg)(9.80m/s 2 )(10.0m) = 7.84xl0 3 J. 

(c) For stage 3, W 3 -mgd = AK 3 = -\mv\ . We obtain 

W 3 =mgd--mv\ =(80.0 kg)(9.80 m/s 2 )(10.0 m)--(80.0 kg)(5.00 m/s) 2 =6.84xl0 3 J. 


25. (a) The net upward force is given by 

F + F N -(m + M)g = (m + M)a 

where m = 0.250 kg is the mass of the cheese, M = 900 kg is the mass of the elevator cab, 
F is the force from the cable, and F N = 3 .00 N is the normal force on the cheese. On the 
cheese alone, we have 


Thus the force from the cable is F = (m + M)(a + g)- F N =1.08xl0 4 N, and the work 
done by the cable on the cab is 

W = Fd 1 = (1.80xl0 4 N)(2.40 m) = 2.59xl0 4 J. 
(b) If W = 92 . 6 1 k J and d 2 = 1 0 . 5 m , the magnitude of the normal force is 


F N - mg = ma => a = 


3.00 N - (0.250 kg)(9.80 m/s 2 ) 
0.250 kg 


= 2.20 m/s 2 . 


(m+M)g = (0.250 kg + 900 kg)(9.80 m/s 2 ) - 

d 2 


9.261xl0 4 J 


= 2.45 N. 


N 


10.5 m 


26. The spring constant is k = 100 N/m and the maximum elongation is x t = 5.00 m. 
Using Eq. 7-25 withx/= 0, the work is found to be 


W = -kx] =-(100N/m)(5.00m) 2 =1.25xl0 3 J. 


27. From Eq. 7-25, we see that the work done by the spring force is given by 

W = l -Kx]-x)). 

The fact that 360 N of force must be applied to pull the block to x = + 4.0 cm implies that 
the spring constant is 

k= 360 N =90 N/cm = 9.0xl0 3 N/m. 
4.0 cm 

(a) When the block moves from x t = +5.0 cm to x = + 3 . 0 cm,we have 

W s = ^(9.0x1 0 3 N/m)[(0.050 m) 2 - (0.030 m) 2 ] = 7.2 J. 

(b) Moving from x i =+5.0 cm to x - -3.0 cm , we have 

W s =^(9.0x1 0 3 N/m)[(0.050 m) 2 -(-0.030 m) 2 ] = 7.2 J. 

(c) Moving from x i =+5.0 cm to x = -5.0 cm , we have 

W s =^(9.0xl0 3 N/m)[(0.050 m) 2 -(-0.050 m) 2 ] = 0 J. 

(d) Moving from x i =+5.0 cm to x = -9.0 cm , we have 

W s =^(9.0xl0 3 N/m)[(0.050 m) 2 - (-0.090 m) 2 ] = -25 J. 


28. We make use of Eq. 7-25 and Eq. 7-28 since the block is stationary before and after 
the displacement. The work done by the applied force can be written as 


W a =-W s =h(x 2 f -xf) 


The spring constant is k = (80 N)/(2.0 cm)=4.0xl 0 3 N/m. With W a = 4.0 J , and 
x = -2.0 cm , we have 


x f =± 


2W„ 


2(4.0 J) 


\ (4.0xl0 3 N/m) 


+ (-0.020 m) 2 =±0.049 m = ±4.9 cm. 


29. (a) As the body moves along the x axis from x, • = 3.0 m to Xf= 4.0 m the work done by 
the force is 


W=^F x dx= £ ' -6x dx = -3(x 2 f -xf) = -3 (4.0 2 -3.0 2 ) = -21 J. 
According to the work-kinetic energy theorem, this gives the change in the kinetic energy: 

W = AK = ^m(v} -v, 2 ) 
where v ; is the initial velocity (atx,) and v/is the final velocity (atxj). The theorem yields 

v f = l^+vf = J^=^ + (8.0m/s) 7 = 6.6 m/s. 
V m \ 2.0 kg 

(b) The velocity of the particle is v/= 5.0 m/s when it is atx = X/. The work4dnetic energy 
theorem is used to solve for x/. The net work done on the particle is W = -3{x 2 f -x] ) , so 
the theorem leads to 

-3(xj-xf) = ^m (v 2 -v 2 ). 

Thus, 

*f=J-j(v 2 f-vt) + xt = ^f^( (5 -° m/s) 2 -(8.0m/s) 2 ) + (3.0m) 2 =4.7 m. 


30. The work done by the spring force is given by Eq. 7-25: 

W s =h(xf-x 2 f ). 

Since F x = -kx , the slope in Fig. 7-36 corresponds to the spring constant k. Its value is 
given by £ = 80 N/cm=8.0xl0 3 N/m. 

(a) When the block moves from x, = + 8 . 0 cm to x = + 5 . 0 cm,we have 

W s = ^(8.0xl0 3 N/m)[(0.080 m) 2 -(0.050 m) 2 ] = 15.6 J « 16 J. 

(b) Moving from x i = +8.0 cm to x = -5.0 cm , we have 

W s = |(8.0xl0 3 N/m)[(0.080 m) 2 -(-0.050 m) 2 ] = 15.6 J - 16 J. 

(c) Moving from x i =+8.0 cm to x = -8.0 cm , we have 

W s = ^(8.0xl0 3 N/m)[(0.080 m) 2 -(-0.080 m) 2 ] = 0 J. 

(d) Moving from x i = +8.0 cm to x = -10.0 cm , we have 

W s =-(8.0xl0 3 N/m)[(0.080 m) 2 -(-0.10 m) 2 ] = -14.4 J - -14 J. 


31. The work done by the spring force is given by Eq. 7-25: W s = — k(xf -x 2 f ) . 

The spring constant k can be deduced from Fig. 7-37 which shows the amount of work 
done to pull the block from 0 to x = 3.0 cm. The parábola W a = kx 2 1 2 contains (0,0), (2.0 
cm, 0.40 J) and (3.0 cm, 0.90 J). Thus, we may infer from the data that 
£ = 2.0xl0 3 N/m. 

(a) When the block moves from x t =+5.0 cm to x = +4.0 cm , we have 

W s = ^(2.0xl0 3 N/m)[(0.050 m) 2 -(0.040 m) 2 ] = 0.90 J. 

(b) Moving from x i =+5.0 cm to x = -2.0 cm , we have 

W s =^(2.0xl0 3 N/m)[(0.050 m) 2 -(-0.020 m) 2 ] = 2.1 J. 

(c) Moving from x i =+5.0 cm to x = -5.0 cm , we have 


W s =-(2.0xl0 3 N/m)[(0.050 m) 2 -(-0.050 m) 2 ] = 0 J. 


32. Hooke's law and the work done by a spring is discussed in the chapter. We apply 
work-kinetic energy theorem, in the form of AK = W a + W s , to the points in Figure 7-38 at 
x = 1.0 m and x = 2.0 m, respectively. The "applied" work W a is that due to the constant 
force P. 

4 J = P(1.0m)-^(1.0 m) 2 
0 = P(2.0 m)-^-£(2.0m) 2 

(a) Simultaneous solution leads to P = 8.0 N. 

(b) Similarly, we find k = 8.0 N/m. 


33. (a) This is a situation where Eq. 7-28 applies, so we have 

Fx=\kx 2 => (3 .0 N) x = \ (50 N/m)x 2 

which (other than the trivial root) gives x = (3.0/25) m = 0.12 m. 

(b) The work done by the applied force is W a = Fx = (3.0 N)(0.12 m) = 0.36 J. 

(c) Eq. 7-28 immediately gives W s = -W a = -0.36 J. 

1 2 

(d) With K f = K considered variable and K t = 0, Eq. 7-27 gives K = Fx - -^kx . We take 

the derivative of K with respect to x and set the resulting expression equal to zero, in 
order to find the position x c which corresponds to a maximum value of K: 

x c = | = (3.0/50) m = 0.060 m. 

We note that x c is also the point where the applied and spring forces "balance." 

(e) At x c we find K = K max = 0.090 J. 


34. From Eq. 7-32, we see that the "area" in the graph is equivalent to the work done. 
Finding that area (in terms of rectangular [length x width] and triangular 
[y base x height] áreas) we obtain 

W = W 0<x<2 + W 2<x<4 + W 4<x<6 + W 6<x<% = (20 + 1 0 + 0 - 5) J = 25 J. 


35. (a) The graph shows F as a function of x assuming xo is positive. The work is negative 
as the object moves from x = 0 to x = x 0 and positive as it moves from x = x 0 to x = 2x 0 . 


Since the area of a triangle is (base)(altitude)/2, the 
work done from x = 0 to x = x 0 is -(jc 0 )(F 0 ) / 2 and 
the work done from x = x 0 to x = 2x 0 is 

(2x 0 -x 0 )(F 0 )/2 = (x 0 )(F 0 )/2 

The total work is the sum, which is zero. 
(b) The integral for the work is 


V x o J 


dx = F n 


< x 2 " 

X 

v2x 0 


2.v„ 



36. According to the graph the acceleration a varies linearly with the coordinate x. We 
may write a = ax, where a is the slope of the graph. Numerically, 

20 m/s 2 „ r 2 

a = = 2.5 s . 

8.0 m 

The force on the brick is in the positive x direction and, according to Newton's second 
law, its magnitude is given by F - ma- max. If Xf is the final coordinate, the work done 
by the force is 

W= ['Fdx = ma['xdx = ^x} J WkgK2 - 5s "\ s.0mf=S.0xl0' J. 


37. We choose to work this using Eq. 7-10 (the work-kinetic energy theorem). To find the 
initial and final kinetic energies, we need the speeds, so 


v = — = 3.0-8.0í + 3.0í 2 
dt 

in SI units. Thus, the initial speed is v,- = 3.0 m/s and the speed at t = 4 s is v/ = 19 m/s. 
The change in kinetic energy for the object of mass m = 3.0 kg is therefore 

AK = ^m (v}-vf) = 528 J 

which we round off to two figures and (using the work-kinetic energy theorem) conclude 
that the work done is W = 5.3xl0 2 J. 


38. Using Eq. 7-32, we find 

fl.25 „ 2 

W = f e Ax dx = 0.21 J 

J0.25 


where the result has been obtained numerically. Many modern calculators have that 
capability, as well as most math software packages that a great many students have 
access to. 


39. (a) We first multiply the vertical axis by the mass, so that it becomes a graph of the 
applied force. Now, adding the triangular and rectangular "áreas" in the graph (for 0 < x 
< 4) gives 42 J for the work done. 

(b) Counting the "áreas" under the axis as negative contributions, we find (for 0 < x < 7) 
the work to be 30 J at x = 7.0 m. 

(c) And at x = 9.0 m, the work is 12 J. 

(d) Eq. 7-10 (along with Eq. 7-1) leads to speed v = 6.5 m/s at x = 4.0 m. Returning to 
the original graph (where a was plotted) we note that (since it started from rest) it has 
received acceleration(s) (up to this point) only in the +x direction and consequently must 
have a velocity vector pointing in the +x direction at x = 4.0 m. 

(e) Now, using the result of part (b) and Eq. 7-10 (along with Eq. 7-1) we find the speed 
is 5.5 m/s at x = 7.0 m. Although it has experienced some deceleration during the 0 < x < 
7 interval, its velocity vector still points in the +x direction. 

(f) Finally, using the result of part (c) and Eq. 7-10 (along with Eq. 7-1) we find its speed 
v = 3.5m/satx = 9.0m. It certainly has experienced a significant amount of deceleration 
during the 0 < x < 9 interval; nonetheless, its velocity vector still points in the +x 
direction. 


40. (a) Using the work-kinetic energy theorem 

K f =K i + £°(2.5-x 2 ) Jx = 0 + (2.5)(2.0)-^(2.0) 3 = 2.3 J. 

(b) For a variable end-point, we have Kf as a function of x, which could be differentiated 
to find the extremum value, but we recognize that this is equivalent to solving F = 0 for x: 

F = 0 => 2.5- x 2 = 0. 
Thus, K is extremized at x = ~ 1 .6 m and we obtain 

K f = K, + ^ (2.5 -x 2 )dx = 0 + (2.5)(V2^5 ) - ^ (V2T5 ) 3 = 2.6 J. 

Recalling our answer for part (a), it is clear that this extreme value is a maximum. 


41 . As the body moves along the x axis from x, ■ = 0 m to x/= 3.00 m the work done by the 
force is 


W = [V dx= P (cx-3.00x 2 )dx- 
= 4.50c-27.0. 


C 2 3 

— X -x 


|(3.00) 2 -(3.00) 3 


However, W = ÁK = (11. 0-20.0) = -9. 00 J from the work-kinetic energy theorem. 
Thus, 

4.50c-27.0 = -9.00 


or c = 4.00 N/m. 


42. We solve the problem using the work-kinetic energy theorem which states that the 
change in kinetic energy is equal to the work done by the applied force, AK - W .In our 
problem, the work done is W = Fã , where F is the tension in the cord and d is the length 
of the cord pulled as the cart slides fromxi to %2. From Fig. 7-42, we have 

d = Jx* + h 2 - yjxl + h 2 = V(3.00 m) 2 + (1 .20 m) 2 - ^(1 .00 m) 2 + (1 .20 m) 2 
= 3.23 m — 1.56 m = 1.67 m 

which yields AK = Fd = (25 .0 N)(1.67 m) = 41.7 J. 


43. The power associated with force F is given by P - F ■ v, where v is the velocity 
of the object on which the force acts. Thus, 

P = F-v = Fvcos0 = (l22 N)(5.0 m/s)cos37° = 4.9x1 0 2 W. 


44. Recognizing that the force in the cable must equal the total weight (since there is no 
acceleration), we employ Eq. 7-47: 

P = Fv cos 0 = mg — 


where we have used the fact that #=0° (both the force of the cable and the elevator's 
motion are upward). Thus, 


P = (3.0x1 0 3 kg)(9.8m/s 2 ) 


210 m 

23 s 


= 2.7xl0 5 W. 


45. (a) The power is given by P = Fv and the work done by F from time t x to time t 2 is 
given by 

W = f 2 P dt = f 2 Fv dt. 

Since F is the net force, the magnitude of the acceleration is a = F/m, and, since the 
initial velocity is v 0 = 0 , the velocity as a function of time is given by 

v = v 0 +at = (F/m)t. Thus 


W = f 2 (F 2 1 m)t dt = - (F 2 1 m)(t 2 2 -t 2 ). 

Jt, 9 


For t = 0 and t 2 =1.0s, 


2 


15 kg 


(1.0 s) 2 =0.83 J. 


(b) For t x — l.Os, and t 2 - 2.0 s, 


W = 


^ (5.0N) 2 A 
15 kg 


[(2.0 s) 2 -(l.Os) 2 ] = 2.5 J. 


(c) For t x = 2.0 s and t 2 - 3.0 s, 


W = 


^ (5.0N) 2 A 
15 kg 


[(3.0s) 2 -(2.0s) 2 ] = 4.2 J. 


(d) Substituting v = {Flm)t into P = Fv we obtain P = F 2 t/m for the power at any time t. 
At the end of the third second 


^(5.0 N) 2 (3.0 s) 
T5kg^ 


P = 


= 5.0 W. 


46. (a) Since constant speed implies AK = 0, we require W a = —W g , by Eq. 7-15. Since 
W is the same in both cases (same weight and same path), then W a = 9 . 0 x 1 0 2 J just as it 
was in the first case. 

(b) Since the speed of 1.0 m/s is constant, then 8.0 meters is traveled in 8.0 seconds. 
Using Eq. 7-42, and noting that average power is the power when the work is being done 
at a steady rate, we have 


(c) Since the speed of 2.0 m/s is constant, 8.0 meters is traveled in 4.0 seconds. Using Eq. 
7-42, with average power replaced by power, we have 


P = 


W 900 J 


= l.lxl0 2 W. 


At 8.0 s 


P = 


W 900 J 


= 225 W -2.3xl0 2 W. 


At 4.0 s 


47. The total work is the sum of the work done by gravity on the elevator, the work done 
by gravity on the counterweight, and the work done by the motor on the system: 

W T = W e + W c +W s . 

Since the elevator moves at constant velocity, its kinetic energy does not change and 
according to the work-kinetic energy theorem the total work done is zero. This means W e 
+ W c + W s = 0. The elevator moves upward through 54 m, so the work done by gravity on 
it is 

W e =-m e gd = -(1200 kg)(9.80m/s 2 )(54m) = -6.35 x IO 5 J. 

The counterweight moves downward the same distance, so the work done by gravity on it 
is 

W c =m c gd = (950 kg)(9.80 m/s 2 )(54 m) = 5.03xl0 5 J. 

Since Wt = 0, the work done by the motor on the system is 

W s =-W e -W c = 6. 35xl0 5 J - 5.03xl0 5 J = 1.32xl0 5 J. 

This work is done in a time interval of At = 3.0 min = 180 s, so the power supplied by 
the motor to lift the elevator is 

At 180 s 


48. (a) Using Eq. 7-48 and Eq. 3-23, we obtain 

P = F-v = (4.0 N)( - 2.0 m/s) + (9.0 N)(4.0 m/s) = 28 W. 
(b) We again use Eq. 7-48 and Eq. 3-23, but with a one-component velocity: 

P = F v =^-12 W = (-2.0N)v. 

which yields v = 6 m/s. 


49. (a) Eq. 7-8 yields 

W= F x Áx + F y Ay + F z Az 
= (2.00 N)(7.5 m - 0.50 m) + (4.00 N)(12.0 m - 0.75 m) + (6.00 N)(7.2m - 0.20 m) 
=101 J « l.Ox IO 2 J. 

(b) Dividing this result by 12 s (see Eq. 7-42) yields ?=8.4W. 


50. (a) Since the force exerted by the spring on the mass is zero when the mass passes 
through the equilibrium position of the spring, the rate at which the spring is doing work 
on the mass at this instant is also zero. 

(b) The rate is given by P - F ■ v - -Fv, where the minus sign corresponds to the 
fact that F and v are anti-parallel to each other. The magnitude of the force is given by 

F= kx = (500 N/m)(0. 10 m) = 50 N, 

while v is obtained from conservation of energy for the spring-mass system: 

E = K + U = 10 J = ^mv 2 +^kx 2 =|(0.30 kg)v 2 +^(500 N/m)(0.10 m) 2 


which gives v = 7.1 m/s. Thus, 

P = -Fv=-(50N)(7.1 m/s) = -3.5 x IO 2 W. 


51. (a) The objecfs displacement is 


d = d f - d, = (-8.00 m) i + (6.00 m)j + (2.00 m) k 


Thus, Eq. 7-8 gives 


W = F d = (3.00 NX-8.00 m) + (7.00 N)(6.00 m) + (7.00 N)(2.00 m) = 32.0 J. 

(b) The average power is given by Eq. 7-42: 

W 32 0 
avg t 4.00 

(c) The distance from the coordinate origin to the initial position is 

d l =V(3.00 m) 2 + (-2.00 m) 2 +(5.00 m) 2 =6.16 m, 
and the magnitude of the distance from the coordinate origin to the final position is 
d f =y](-5.00 m) 2 +(4.00 m) 2 + (7.00 m) 2 =9.49 m . 


Their scalar (dot) product is 

d, -d f =(3.00 m)(-5.00 m) + (-2.00 m)(4.00 m) + (5.00 m)(7.00 m) = 12.0 m 2 
Thus, the angle between the two vectors is 

0 = cos _1 = cos 


' d t ■ d f 


12.0 


(6.16)(9.49) 


= 78.2°. 


52. According to the problem statement, the power of the car is 


P = 


dW d 


dt dt 


1 

— mv 
2 J 


dv 

mv — = constant. 
dt 


The condition implies dt = mvdv I P , which can be integrated to give 

mvdv 


2P 


where v T is the speed of the car at t = T. On the other hand, the total distance traveled 
can be written as 


L=\ vdt=\ v = — v 2 dv = 

Jo Jo p p Jo 2>P 


_ mv T 


By squaring the expression for L and substituting the expression for T, we obtain 


L 2 = 


f 3 A 
mv T 


3P 


8P 
9m 


' mv, 1 


9m 


which implies that 


3 9 2 
=—mL = constant. 
8 


Differentiating the above equation gives dPT 3 + 3PT 2 dT = 0, or dT = - — dP. 


53. (a) We set up the ratio 


50 km 
1 km 


E 


,1/3 


1 megaton 


and find E = 50 =1x10 megatons of TNT. 


(b) We note that 15 kilotons is equivalent to 0.015 megatons. Dividing the result from 
part (a) by 0.013 yields about ten million bombs. 


54. (a) The compression of the spring is d = 0.12 m. The work done by the force of 
gravity (acting on the block) is, by Eq. 7-12, 

W x = mgd = (0.25 kg) (9.8 m/s 2 ) (0.12 m) = 0.29 J. 
(b) The work done by the spring is, by Eq. 7-26, 


W 2 =~^kd 2 = ~ (250 N /m) (0.12 m) 2 = -1.8 J. 


(c) The speed v, of the block just before it hits the spring is found from the work-kinetic 
energy theorem (Eq. 7-15): 

AK = 0-^mvf = W X + W 2 

which yields 

v l(-2)(W l + W 2 ) = l(-2 X 0.29J-1.8J) 
' V m \ 0.25 kg 

(d) If we instead had v, = 7m/s , we reverse the above steps and solve for d' . Recalling 
the theorem used in part (c), we have 

0-1 mv' 2 = w:+ W' = mgd'-- kd' 2 
2 2 

which (choosing the positive root) leads to 

mg + -yjm 2 g 2 +mkv' 2 


which yields d' = 0.23 m. In order to obtain this result, we have used more digits in our 
intermediate results than are shown above (so v ( . = ^12.048 m/s = 3.471 m/s and v] = 
6.942 m/s). 


55. One approach is to assume a "path" from r t to r f and do the line-integral accordingly. 
Another approach is to simply use Eq. 7-36, which we demonstrate: 

W = [ F x dx+ J ! F y dy = [; , (2.vV/.v+ £(3) dy 
with SI units understood. Thus, we obtain PF= 12J — 18J = — 6J. 


56. (a) The force of the worker on the crate is constant, so the work it does is given by 

W F = F -d = Fd cosfi, where F is the force, d is the displacement of the crate, and 0 is 

the angle between the force and the displacement. Here F = 210 N, d = 3.0 m, and <p = 
20°. Thus, 

Wf =(210 N) (3.0 m) cos 20° = 590 J. 

(b) The force of gravity is downward, perpendicular to the displacement of the crate. The 
angle between this force and the displacement is 90° and cos 90° = 0, so the work done 
by the force of gravity is zero. 

(c) The normal force of the floor on the crate is also perpendicular to the displacement, so 
the work done by this force is also zero. 

(d) These are the only forces acting on the crate, so the total work done on it is 590 J. 


57. There is no acceleration, so the lifting force is equal to the weight of the object. We 
note that the person's pull F is equal (in magnitude) to the tension in the cord. 

(a) As indicated in the hint, tension contributes twice to the lifting of the canister: 2T = 
mg. Since F = T , we find F = 98 N. 

(b) To rise 0.020 m, two segments of the cord (see Fig. 7-44) must shorten by that 
amount. Thus, the amount of string pulled down at the left end (this is the magnitude of 

d , the downward displacement of the hand) is d = 0.040 m. 

(c) Since (at the left end) both F and d are downward, then Eq. 7-7 leads to 

W = F-d = (98 N) (0.040 m) = 3.9 J. 

(d) Since the force of gravity F (with magnitude mg) is opposite to the displacement 
d c = 0.020 m (up) of the canister, Eq. 7-7 leads to 

W = F g ■ d c = - (196 N) (0.020 m) = -3.9 J. 


This is consistent with Eq. 7-15 since there is no change in kinetic energy. 


58. With SI units understood, Eq. 7-8 leads to W= (4.0)(3.0) - c(2.0) = 12 - 2c. 
(a)If ff=0,thenc = 6.0N. 
{h)\íW= 17 J, then c = -2.5 N. 
(c)If W= -18 J,thenc= 15 N. 


59. Using Eq. 7-8, we find 

W = F-d = (F cos 0 i+F sin# j) ■ (xi + yj) = Fx cos 0 + Fy sin 0 

where x = 2.0 m, y = -4.0 m, F = 10 N, and 0 = 150° . Thus, we obtain W = -37 J. Note 
that the given mass value (2.0 kg) is not used in the computation. 


60. The acceleration is constant, so we may use the equations in Table 2-1. We choose 
the direction of motion as +x and note that the displacement is the same as the distance 
traveled, in this problem. We designate the force (assumed singular) along the x direction 
acting on the m = 2.0 kg object as F. 

(a) With v 0 = 0, Eq. 2-11 leads to a = v/t. And Eq. 2-17 gives Ax = \vt . Newton's 
second law yields the force F = ma. Eq. 7-8, then, gives the work: 


as we expect from the work-kinetic energy theorem. With v = 10 m/s, this yields 
W = 1.0xl0 2 J. 

(b) Instantaneous power is defined in Eq. 7-48. With t = 3.0 s, we find 



P = Fv = m 



v = 67 W. 


(c) The velocity at í' = 1.5s is v'=aí'=5.0 m/s . Thus, P' = Fv' = 33 W. 


61. The total weight is (100)(660 N) = 6.60 x 10 4 N, and the words "raises ... at constant 
speed" imply zero acceleration, so the lift-force is equal to the total weight. Thus 


P = Fv = (6.60 x 10 4 )(150 m/60.0 s) = 1.65 x IO 5 W. 


62. (a) The force F of the incline is a combination of normal and friction force which is 
serving to "cancel" the tendency of the box to fali downward (due to its 19.6 N weight). 
Thus, F = mg upward. In this part of the problem, the angle (f> between the belt and F 
is 80°. From Eq. 7-47, we have 

P = Fvcos<p = (19.6 N)(0.50 m/s) cos 80° = 1.7 W. 

(b) Now the angle between the belt and F is 90°, so that P = 0. 

(c) In this part, the angle between the belt and F is 100°, so that 


P = (19.6 N)(0.50 m/s) cos 100° = -1.7 W. 


63. (a) In 10 min the cart moves 


d = 


f r n miV 5280ft/mO 

6.0 — 

v h Jy 60 min/h 


(10 min) = 5280 ft 


so that Eq. 7-7 yields 

W = Fdcos <p = (40 lb)(5280 ft) cos 30° = 1.8x1 0 5 ft ■ lb. 

(b) The average power is given by Eq. 7-42, and the conversion to horsepower (hp) can 
be found on the inside back cover. We note that 10 min is equivalent to 600 s. 

1.8xl0 5 ft ■ lb ... 

P* ve = = 305 ft ■ lb/s 

avg 600 s 


which (upon dividing by 550) converts to P mg = 0.55 hp. 


64. Using Eq. 7-7, we have W = Fd cos ^ = 1504 J. Then, by the work-kinetic energy 
theorem, we find the kinetic energy K/= K t + W = 0 + 1504 J. The answer is therefore 
1.5 kJ. 


65. (a) To hold the crate at equilibrium in the final situation, F must have the same 
magnitude as the horizontal component of the rope's tension T sin 0 , where 0 is the 
angle between the rope (in the final position) and vertical: 


*=sm( ^1 = 19.5°. 

But the vertical component of the tension supports against the weight: T cos 0 = mg . 
Thus, the tension is 

T= (230 kg)(9.80 m/s 2 )/cos 19.5° = 2391 N 
and F = (2391 N) sin 19.5° = 797 N. 

An alternative approach based on drawing a vector triangle (of forces) in the final 
situation provides a quick solution. 

(b) Since there is no change in kinetic energy, the net work on it is zero. 

(c) The work done by gravity is W = F g -d = -mgh, where h = L(\ - cos 0) is the 

vertical component of the displacement. With L = 12.0 m, we obtain W g = -1547 J which 
should be rounded to three figures: -1.55 kJ. 

(d) The tension vector is everywhere perpendicular to the direction of motion, so its work 
is zero (since cos 90° = 0). 

(e) The implication of the previous three parts is that the work due to F is -W g (so the 
net work turns out to be zero). Thus, Wf = -W g = 1 .55 kJ. 

(f) Since F does not have constant magnitude, we cannot expect Eq. 7-8 to apply. 


66. From Eq. 7-32, we see that the "area" in the graph is equivalent to the work done. We 
find the area in terms of rectangular [length x width] and triangular [ \ base x height] 

áreas and use the work-kinetic energy theorem appropriately. The initial point is taken to 
be x = 0, where v 0 = 4.0 m/s. 

(a) With K t = \mv\ = 16 J, we have 

K -K =W +W +W =-40J 

so that K3 (the kinetic energy whenx = 3.0 m) is found to equal 12 J. 

(b) With SI units understood, we write W 3<x<x as F x Ax-(-4.0 N)(jc, -3.0 m)and apply 
the work-kinetic energy theorem: 

K Xf -K 3 = W 3<x<X/ 
K xf -\2 = (-4)(x f -3.0) 


so that the requirement K xf = 8.0 J leads to x f = 4.0 m. 


(c) As long as the work is positive, the kinetic energy grows. The graph shows this 
situation to hold until x = 1 .0 m. At that location, the kinetic energy is 


K x =K 0 + W 0<x<i =l6 J + 2.0 J = 18 J. 


67. (a) Noting that the x component of the third force is F 3x = (4.00 N)cos(60°), we apply 
Eq. 7-8 to the problem: 

W= [5.00 N - 1.00 N + (4.00 N)cos 60°](0.20 m) = 1.20 J. 

(b) Eq. 7-10 (along with Eq. 7-1) then yields v = ^2W/m = 1.10 m/s. 


68. (a) In the work-kinetic energy theorem, we include both the work due to an applied 
force W a and work done by gravity W g in order to find the latter quantity. 

ÁK = W a +W g => 30 J = (100N)(1.8m)cos lS0°+W g 
leadingto W g =2. lxl O 2 J. 

(b) The value of W g obtained in part (a) still applies since the weight and the path of the 
child remain the same, so AK = W = 2 . lx 1 0 2 J. 


69. (a) Eq. 7-6 gives W a = Fd= (209 N)(1.50 m) - 314 J. 

(b) Eq. 7-12 leads to W g = (25.0 kg)(9.80 m/s 2 )(1.50 m)cos(l 15°) « -155 J. 

(c) The angle between the normal force and the direction of motion remains 90° at ali 
times, so the work it does is zero. 

(d) The total work done on the crate is Wt = 314 J - 155 J =158 J. 


70. After converting the speed to meters-per-second, we find 

K = \mv 2 = 667 kJ. 


71. (a) Hooke's law and the work done by a spring is discussed in the chapter. Taking 
absolute values, and writing that law in terms of differences AF and Ax , we analyze the 

first two pictures as follows: 

|AF| = k\Áx\ 
240 N -110 N = £(60 mm -40 mm) 

which yields k = 6.5 N/mm. Designating the relaxed position (as read by that scale) as x 0 
we look again at the first picture: 

110N = £(40mm-x o ) 
which (upon using the above result for k) yields x Q = 23 mm. 
(b) Using the results from part (a) to analyze that last picture, we find 

r=£(30mm-x o ) = 45N. 


72. (a) Using Eq. 7-8 and SI units, we find 

W = F-rf = (2i-4j)-(8i + cj) = 16-4c 
which, if equal zero, implies c = 16/4 = 4 m. 

(b) If W> 0 then 16 > 4c, which implies c < 4 m. 

(c) If fF< 0 then 16 < 4c, which implies c > 4 m. 


73. A convenient approach is provided by Eq. 7-48. 

P = Fv = (1800 kg + 4500 kg)(9.8 m/s 2 )(3.80 m/s) = 235 kW. 

Note that we have set the applied force equal to the weight in order to maintain constant 
velocity (zero acceleration). 


74. (a) The component of the force of gravity exerted on the ice block (of mass m) along 
the incline is mg sin d, where # = sin" 1 (0.9 1/1.5) gives the angle of inclination for the 
inclined plane. Since the ice block slides down with uniform velocity, the worker must 
exert a force F "uphill" with a magnitude equal to mg sin 9. Consequently, 


F - mg sin 0 - (45 kg)(9.8 m/s 2 ) 


A 0.91m A 
v 1.5 m j 


2.7xl0 2 N. 


(b) Since the "downhill" displacement is opposite to F , the work done by the worker is 

W l =-(2.7xl0 2 N) (1.5m) = -4.0xl0 2 J. 

(c) Since the displacement has a vertically downward component of magnitude 0.91 m (in 
the same direction as the force of gravity), we find the work done by gravity to be 

W 2 = (45 kg) (9.8 ml s 2 ) (0.91 m) = 4.0 x IO 2 J. 


(d) Since F N is perpendicular to the direction of motion of the block, and cos 90° = 0, 
work done by the normal force is W3 = 0 by Eq. 7-7. 


(e) The resultant force F net is zero since there is no acceleration. Thus, its work is zero, as 
can be checked by adding the above results W l + W 2 + W 3 = 0. 


75. (a) The plot of the function (with SI units understood) is shown below. 



0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 


Estimating the area under the curve allows for a range of answers. Estimates from 1 1 J to 
14 J are typical. 

(b) Evaluating the work analytically (using Eq. 7-32), we have 


í 


W= I \Qe xll dx = -2$e 


-x/2 


12.6 J- 13 J. 


76. (a) Eq. 7-10 (along with Eq. 7-1 and Eq. 7-7) leads to 


v f =(2^F C os8) m =(cos8y /2 , 

where we have substituted F = 2.0 N, m = 4.0 kg and d = 1 .0 m. 

(b) With Vj= 1, those same steps lead to v f = (1 + cos#) . 

(c) Replacing 0 with 180° - 0, and still using v, = 1, we find 

v f = [1 + cos(180° - 0)] m = (1 - costf) 1 

(d) The graphs are shown on the right. Note that ur 
as 0 is increased in parts (a) and (b) the force X 2 í 
provides less and less of a positive acceleration, : 
whereas in part (c) the force provides less and less 
of a deceleration (as its 0 value increases). The 
highest curve (which slowly decreases from 1.4 to 
1) is the curve for part (b); the other decreasing 
curve (starting at 1 and ending at 0) is for part (a). q2 j 
The rising curve is for part (c); it is equal to 1 
where 0=90°. 


77. (a) We can easily fit the curve to a concave-downward parábola: x = t(lO - t), from 

which (by taking two derivatives) we find the acceleration to be a = -0.20 m/s . The 
(constant) force is therefore F = ma = -0.40 N, with a corresponding work given by W = 

Fx = j^t(t- 10). It also follows from the x expression that v 0 = 1.0 m/s. This means that 

Ki = \m\ 2 = 1.0 J. Therefore, when t = 1.0 s, Eq. 7-10 gives K = K t +W= 0.64 J « 0.6 J, 
where the second significant figure is not to be taken too seriously. 

(b) At t = 5.0 s, the above method gives K=0. 

(c) Evaluating the W = j^t(t - 10) expression at t = 5.0 s and t = 1.0 s, and subtracting, 
yields -0.6 J. This can also be inferred from the answers for parts (a) and (b). 


78. The problem indicates that SI units are understood, so the result (of Eq. 7-23) is in 
Joules. Done numerically, using features available on many modern calculators, the 
result is roughly 0.47 J. For the interested student it might be worthwhile to quote the 
"exact" answer (in terms of the "error function"): 

Ml 

J e 2x2 dx = % -y/ãi [erf(6V2 /5) - erf(3V2 /20)] . 


79. (a) To estimate the area under the curve between x = 1 m and x = 3 m (which should 
yield the value for the work done), one can try "counting squares" (or half-squares or 
thirds of squares) between the curve and the axis. Estimates between 5 J and 8 J are 
typical for this (crude) procedure. 

(b) Eq. 7-32 gives 



where a = -9 N-m 2 is given in the problem statement. 


9 2 3 

80. (a) Using Eq. 7-32, the work becomes W= jX -x (SI units understood). The plot 
is shown below: 



(b) We see from the graph that its peak value occurs at x = 3.00 m. This can be verified 
by taking the derivative of W and setting equal to zero, or simply by noting that this is 
where the force vanishes. 

(c) The maximum value is r=|(3.00) 2 - (3.00) 3 = 13.50 J. 

(d) We see from the graph (or from our analytic expression) that W= 0 atx = 4.50 m. 

(e) The case is at rest when v = 0 . Since W = AK = mv 2 1 2 , the condition implies W = 0 . 
This happens atx = 4.50 m. 


1. (a) Noting that the vertical displacement is 10.0 m - 1.50 m = 8.50 m downward (same 
direction as F ), Eq. 7-12 yields 

W g = mgd cos <p = (2.00 kg)(9.80 m/s 2 )(8.50 m) cos 0 o = 167 J. 

(b) One approach (which is fairly trivial) is to use Eq. 8-1, but we feel it is instructive to 
instead calculate this as AU where U = mgy (with upwards understood to be the +y 
direction). The result is 

AU = mg(y f -y t ) = (2.00 kg)(9.80 m/s 2 )(1.50 m-10.0 m) = -167 J. 

(c) In part (b) we used the fact that U = mgyt =196 J. 

(d) In part (b), we also used the fact U/= mgy/= 29 J. 

(e) The computation of W g does not use the new information (that U = 100 J at the 
ground), so we again obtain W g = 167 J. 

(f) As a result of Eq. 8-1, we must again find AU = -W g = -167 J. 

(g) With this new information (that Uo = 100 J where y = 0) we have 

Ui = mgyi +U 0 = 296 J. 

(h) With this new information (that Uo= 100 J where y = 0) we have 

U f = mgy f + Uo = 129 J. 
We can check part (f) by subtracting the new U from this result. 


2. (a) The only force that does work on the bali is the force of gravity; the force of the rod 
is perpendicular to the path of the bali and so does no work. In going from its initial 
position to the lowest point on its path, the bali moves vertically through a distance equal 
to the length L of the rod, so the work done by the force of gravity is 

W = mgL = (0.341 kg)(9.80 m/s 2 )(0.452 m) = 1.51 J . 

(b) In going from its initial position to the highest point on its path, the bali moves 
vertically through a distance equal to L, but this time the displacement is upward, 
opposite the direction of the force of gravity. The work done by the force of gravity is 

W = -mgL = -(0.341 kg)(9.80 m/s 2 )(0.452 m) = -1.51 J. 

(c) The final position of the bali is at the same height as its initial position. The 
displacement is horizontal, perpendicular to the force of gravity. The force of gravity 
does no work during this displacement. 

(d) The force of gravity is conservative. The change in the gravitational potential energy 
of the ball-Earth system is the negative of the work done by gravity: 

AU = -mgL = -(0.341 kg)(9.80 m/s 2 )(0.452 m) = -1.51 J 

as the bali goes to the lowest point. 

(e) Continuing this line of reasoning, we find 

AU = +mgL = (0.341 kg)(9.80 m/s 2 )(0.452 m) = 1.51 J 
as it goes to the highest point. 

(f) Continuing this line of reasoning, we have AU = 0 as it goes to the point at the same 
height. 

(g) The change in the gravitational potential energy depends only on the initial and final 
positions of the bali, not on its speed anywhere. The change in the potential energy is the 
same since the initial and final positions are the same. 


3. (a) The force of gravity is constant, so the work it does is given by W = F -d , where 

F is the force and d is the displacement. The force is vertically downward and has 
magnitude mg, where m is the mass of the flake, so this reduces to W= mgh, where h is 
the height from which the flake falis. This is equal to the radius r of the bowl. Thus 

W = mgr = (2.00 x 10" 3 kg) (9.8 m/s 2 )(22.0x 10~ 2 m) = 4.31x 10 3 J. 

(b) The force of gravity is conservative, so the change in gravitational potential energy of 
the flake-Earth system is the negative of the work done: AU= -W= -4.31 x 10~ 3 J. 

(c) The potential energy when the flake is at the top is greater than when it is at the 
bottom by \AU\. If U= 0 at the bottom, then U= +4.31 x 10" 3 J at the top. 

(d) If U = 0 at the top, then U = - 4.3 1 x 1 0" 3 J at the bottom. 

(e) AU the answers are proportional to the mass of the flake. If the mass is doubled, ali 
answers are doubled. 


4. We use Eq. 7-12 for W g and Eq. 8-9 for U. 

(a) The displacement between the initial point and A is horizontal, so (f> = 90.0° and 
W g = 0 (since cos 90.0° = 0). 

(b) The displacement between the initial point and B has a vertical component of h/2 
downward (same direction as F g ), so we obtain 

W g = F g ■ d = ^mgh = ^(825 kg)(9.80 m/s 2 )(42.0 m) = 1.70x1 0 5 J . 

(c) The displacement between the initial point and C has a vertical component of h 
downward (same direction as F g ), so we obtain 

W g =F g -d = mgh = (825 kg)(9.80 m/s 2 )(42.0 m) = 3.40xl0 5 J. 

(d) With the reference position at C, we obtain 

U B =^mgh = ^(S25 kg)(9.80 m/s 2 )(42.0 m) = 1.70xl0 5 J 

(e) Similarly, we find 

U Ã =mgh = (825 kg)(9.80 m/s 2 )(42.0 m) = 3.40xl0 5 J 

(f) AU the answers are proportional to the mass of the object. If the mass is doubled, ali 
answers are doubled. 


5. The potential energy stored by the spring is given by U = \kx 2 , where k is the spring 

constant and x is the displacement of the end of the spring from its position when the 
spring is in equilibrium. Thus 


6. (a) The force of gravity is constant, so the work it does is given by W = F d , where 

F is the force and d is the displacement. The force is vertically downward and has 
magnitude mg, where m is the mass of the snowball. The expression for the work reduces 
to W= mgh, where h is the height through which the snowball drops. Thus 

W = mgh = (1.50 kg)(9.80 m/s 2 )(12.5 m) = 184 J . 

(b) The force of gravity is conservative, so the change in the potential energy of the 
snowball-Earth system is the negative of the work it does: AU= -W= -184 J. 

(c) The potential energy when it reaches the ground is less than the potential energy when 
it is fired by \AU\, so U= -184 J when the snowball hits the ground. 


7. The main challenge for students in this type of problem seems to be working out the 
trigonometry in order to obtain the height of the bali (relative to the low point of the 
swing) h = L - L cos #(for angle #measured from vertical as shown in Fig. 8-34). Once 
this relation (which we will not derive here since we have found this to be most easily 
illustrated at the blackboard) is established, then the principal results of this problem 
follow from Eq. 7-12 (for W g ) and Eq. 8-9 (for U). 

(a) The vertical component of the displacement vector is downward with magnitude h, so 
we obtain 

W g =F g -d = mgh = mgL(\ - cos 0) 

= (5.00 kg)(9.80 m/s 2 )(2.00 m)(l- cos30°) = 13.1 J 


(b) FromEq. 8-1, we have AU = -W g = -mgL(l -cos #) = -13.1 J. 

(c) With y = h, Eq. 8-9 yields U= mgL(\ - cos 6) = 13.1 J. 

(d) As the angle increases, we intuitively see that the height h increases (and, less 
obviously, from the mathematics, we see that cos 0 decreases so that 1 - cos 6 increases), 
so the answers to parts (a) and (c) increase, and the absolute value of the answer to part (b) 
also increases. 


8. We use Eq. 7-12 for W g and Eq. 8-9 for U. 

(a) The displacement between the initial point and Q has a vertical component of h - R 
downward (same direction as F g ), so (with h = 5R) we obtain 

W g =F g d = 4mgR = 4(3.20xlO- 2 kg)(9.80 m/s 2 )(0.12 m) = 0.15 J. 

(b) The displacement between the initial point and the top of the loop has a vertical 
component ofh-2R downward (same direction as F g ), so (with h = 5R) we obtain 

W g =F g -d = 3mgR = 3(3 .20x1 0" 2 kg)(9.80 m/s 2 )(0.12 m) = 0.1 1 J . 

(c) With y = h = 5R,atP we find 

U = 5mgR = 5(3.20xl0~ 2 kg)(9.80 m/s 2 )(0.12 m) = 0.19 J . 

(d) With y = R,atQ we have 

U = mgR = (3.20xl0~ 2 kg)(9.80 m/s 2 )(0.12 m) = 0.038 J 

(e) With y = 2R, at the top of the loop, we find 

U = 2mgR = 2(3.20xl0~ 2 kg)(9.80 m/s 2 )(0.12 m) = 0.075 J 

(f) The new information (v i ^ 0) is not involved in any of the preceding computations; 
the above results are unchanged. 


9. We neglect any work done by friction. We work with SI units, so the speed is 
converted: v = 130(1000/3600) = 36.1 m/s. 

(a) We use Eq. 8-17: K f + U f = K t + U t with U t = 0, U f = mgh and K f = 0. Since 
K t = jinv 2 , where v is the initial speed of the truck, we obtain 

1 2 , , v 2 (36.1 m/s) 2 ... 

— mv =mgn => n = — = ^- = 66.5m. 

2 2g 2(9.8 m/s 2 ) 

If L is the length of the ramp, then L sin 15° = 66.5 m so that L = (66.5 m)/sin 15° = 257 
m. Therefore, the ramp must be about 2.6x IO 2 m long if friction is negligible. 

(b) The answers do not depend on the mass of the truck. They remain the same if the 
mass is reduced. 


(c) If the speed is decreased, h and L both decrease (note that h is proportional to the 
square of the speed and that L is proportional to h). 


10. We use Eq. 8-17, representing the conservation of mechanical energy (which neglects 
friction and other dissipative effects). 


(a) In the solution to exercise 2 (to which this problem refers), we found £/,- = mgyt = 196J 
and Uf = mgyf = 29.0 J (assuming the reference position is at the ground). Since K { = 0 
in this case, we have 


(b) If we proceed algebraically through the calculation in part (a), we find K/= - AU = 
mgh where h =y x ■- jyand is positive-valued. Thus, 


as we might also have derived from the equations of Table 2-1 (particularly Eq. 2-16). 
The fact that the answer is independent of mass means that the answer to part (b) is 
identical to that of part (a), i.e., v = 12.9 m/s . 

(c) lfK t ■£ 0 , then we find Kf= mgh + K t (where K t is necessarily positive-valued). This 

represents a larger value for Ã/than in the previous parts, and thus leads to a larger value 
for v. 


0 + 196 J = ^, + 29.0 J 


which gives Kf = 167 J and thus leads to 




11. (a) If Kj is the kinetic energy of the flake at the edge of the bowl, Kf is its kinetic 
energy at the bottom, Ui is the gravitational potential energy of the fiake-Earth system 
with the flake at the top, and Uf is the gravitational potential energy with it at the bottom, 
then K f +Uf=K i +U i . 

Taking the potential energy to be zero at the bottom of the bowl, then the potential energy 
at the top is £/,- = mgr where r = 0.220 m is the radius of the bowl and m is the mass of the 
flake. K, = 0 since the flake starts from rest. Since the problem asks for the speed at the 
1 

bottom, we write —mv for Kf. Energy conservation leads to 

W g = F g -d = mgh = mgL (1 - cosé?) . 
The speed is v = -J2gr - 2.08 m/s . 

(b) Since the expression for speed does not contain the mass of the flake, the speed would 
be the same, 2.08 m/s, regardless of the mass of the flake. 

(c) The final kinetic energy is given by Kf= K t + Ui - Uf. Since K t is greater than before, 
Kfis greater. This means the final speed of the flake is greater. 


12. We use Eq. 8-18, representing the conservation of mechanical energy (which neglects 
friction and other dissipative effects). 

(a) In the solution to Problem 4 we found AU = mgL as it goes to the highest point. Thus, 
we have 

AK + AU = 0 
K top -K 0 + mgL = 0 

which, upon requiring K top = 0, gives K 0 = mgL and thus leads to 


v 0 = p^o = ^JlgL = ^2(9.80 m/s 2 )(0.452 m) = 2.98 m/s . 
V m 

(b) We also found in the Problem 4 that the potential energy change is At/ = -mgL in 
going from the initial point to the lowest point (the bottom). Thus, 

AK + AU = Q 
bottom -K 0 -mgL = 0 

which, with K 0 = mgL, leads to ^bottom = ImgL. Therefore, 


^bottom 


p^bottom = = ^4(9.80 m/s 2 )(0.452 m) = 4.21 m/s 
V m 


(c) Since there is no change in height (going from initial point to the rightmost point), 
then AC/ = 0, which implies AK = 0. Consequently, the speed is the same as what it was 
initially, 


v „ g ht= v o= 2 -98 m/s 


(d) It is evident from the above manipulations that the results do not depend on mass. 
Thus, a different mass for the bali must lead to the same results. 


13. We use Eq. 8-17, representing the conservation of mechanical energy (which neglects 
friction and other dissipative effects). 

(a) In Problem 4, we found Ua = mgh (with the reference position at Q. Referring again 
to Fig. 8-33, we see that this is the same as Uo which implies that K A = K 0 and thus that 

va = vo = 17.0 m/s. 

(b) In the solution to Problem 4, we also found U B = mgh/2 . In this case, we have 

K 0 + U 0 = K B +U B 

1 2 , 1 2 fh] 

— mv 0 + mgh = —mv B + mg — 

2 2 v2 y 

which leads to 

v B = yjvl+gh = -7(17.0 m/s) 2 +(9.80 m/s 2 )(42.0 m) = 26.5 m/s. 

(c) Similarly, 


v c = ^jvl + lgh = 7(17.0 m/s) 2 +2(9.80 m/s 2 )(42.0 m) = 33.4 m/s. 
(d) To find the "final" height, we set K/= 0. In this case, we have 


K 0 + U 0 =K f +U f 
mvl + mgh = 0 + mgh f 


, . , . , , , v n „ „ n (1 7 . 0 m/s) . „ 

which yields h f = h + -^- = 42.0 m + -^ J — = 56J m. 

2g 2(9.80 m/s 2 ) 


(e) It is evident that the above results do not depend on mass. Thus, a different mass for 
the coaster must lead to the same results. 


14. We use Eq. 8-18, representing the conservation of mechanical energy. We choose the 
reference position for computing U to be at the ground below the cliff; it is also regarded 
as the "final" position in our calculations. 

(a) Using Eq. 8-9, the initial potential energy is given by U, = mgh where h = 12.5 m and 
m = 1 .50 kg . Thus, we have 


which leads to the speed of the snowball at the instant before striking the ground: 


where v,- = 14.0 m/s is the magnitude of its initial velocity (not just one component of it). 
Thus we find v = 21.0 m/s. 

(b) As noted above, v, is the magnitude of its initial velocity and not just one component 
of it; therefore, there is no dependence on launch angle. The answer is again 21.0 m/s. 


2 ' 2 



v = 



(c) It is evident that the result for v in part (a) does not depend on mass. Thus, changing 
the mass of the snowball does not change the result for v. 


15. We take the reference point for gravitational potential energy at the position of the 
marble when the spring is compressed. 


(a) The gravitational potential energy when the marble is at the top of its motion is 
U = mgh , where h = 20 m is the height of the highest point. Thus, 


(b) Since the kinetic energy is zero at the release point and at the highest point, then 
conservation of mechanical energy implies ÁU g + ÁU S = 0, where ÁU S is the change in 
the spring's elastic potential energy. Therefore, AU S = -AU g = -0.98 J. 

(c) We take the spring potential energy to be zero when the spring is relaxed. Then, our 
result in the previous part implies that its initial potential energy is U s = 0.98 J. This must 
be jkx 2 , where k is the spring constant andx is the initial compression. Consequently, 



2U S _ 2(0.98 J) 


= 3.1xl0 2 N/m =3.1 N/cm. 


x 2 (0.080 m) 2 


16. We use Eq. 8-18, representing the conservation of mechanical energy. The reference 
position for computing U is the lowest point of the swing; it is also regarded as the 
"final" position in our calculations. 

(a) In the solution to problem 7, we found U = mgL(\ - cos 6) at the position shown in 
Fig. 8-34 (which we consider to be the initial position). Thus, we have 


K i+ U i =K f +U f 

1 9 

0 + mgL(\- cos 6) = -mv +0 


which leads to 



Plugging in L = 2.00 m and 0= 30.0° we find v = 2.29 m/s. 


(b) It is evident that the result for v does not depend on mass. Thus, a different mass for 
the bali must not change the result. 


17. We use Eq. 8-18, representing the conservation of mechanical energy (which neglects 
friction and other dissipative effects). The reference position for computing U (and height 
h) is the lowest point of the swing; it is also regarded as the "final" position in our 
calculations. 


(a) Careful examination of the figure leads to the trigonometric relation h = L - L cos 0 
when the angle is measured from vertical as shown. Thus, the gravitational potential 
energy is U = mgL(\ - cos 0o) at the position shown in Fig. 8-34 (the initial position). 
Thus, we have 

K 0 + U 0 = K f +U t 


f 

~ mv o +tngL (l-cos# 0 ) = ~ mvl +0 


which leads to 


v = 


772 


1 , 

— mv 0 + mgL(l-cos0 o ) 


= Jv 2 o +2gL(\-cos0 o ) 


= V(8.00 m/s) 2 + 2(9.80 m/s 2 )(1.25 m)(l-cos40°) = 8.35 m/s. 

(b) We look for the initial speed required to barely reach the horizontal position — 
described by Vf, = 0 and 6 = 90° (or 6= -90°, if one prefers, but since cos(-0) = cos 0, the 
sign of the angle is not a concern). 


which yields 


K 0 + U 0 = K h +U h 
~^ mv l +mgL (l-cos# 0 ) = 0 + mgL 


v 0 = ^gL cos 0 O = ^2(9.80 m/s 2 )(1.25 m) cos 40° = 4.33 m/s. 


(c) For the cord to remain straight, then the centripetal force (at the top) must be (at least) 
equal to gravitational force: 

mv] 2 

— mg => mv t = mgL 


where we recognize that r = L. We plug this into the expression for the kinetic energy (at 
the top, where 0= 180°). 

K 0 + U 0 = K t +U t 
^ mv\ + mgL (l - cos 0 Q ) = ^ mv] + mg{\ - cos 180°) 

~ mv o +mgL (l-cos0 o ) = -^(mgL) + mg(2L) 


which leads to 


v 0 = 7g£(3 + 2cos6> 0 ) = ^(9.80 m/s 2 )(1.25 m)(3 + 2cos40°) = 7.45 m/s. 

(d) The more initial potential energy there is, the less initial kinetic energy there needs to 
be, in order to reach the positions described in parts (b) and (c). Increasing 0o amounts to 
increasing Uo, so we see that a greater value of do leads to smaller results for vo in parts (b) 
and (c). 


18. We place the reference position for evaluating gravitational potential energy at the 
relaxed position of the spring. We use x for the spring's compression, measured positively 
downwards (so x > 0 means it is compressed). 

(a) Withx = 0.190 m, Eq. 7-26 gives 

W, =--kx 2 = -7.22 J« -7.2 J 
2 

for the work done by the spring force. Using Newtohs third law, we see that the work 
done on the spring is 7.2 J. 

(b) As noted above, W s = -7.2 J. 

(c) Energy conservation leads to 

K i+ U=K f+ U f 
mgh 0 = -mgx + ^ kx 2 

which (with m = 0.70 kg) yields ho = 0.86 m. 

(d) With a new value for the height h' 0 = 2h 0 = 1.72 m , we solve for a new value of x 
using the quadratic formula (taking its positive root so thatx > 0). 


m sK = ~ m g x + ^^ <x ^ x = 


[, 2 mg + <J(mg) 2 +2mgk% 


which yields x = 0.26 m. 


19. (a) At Q the block (which is in circular motion at that point) experiences a centripetal 
acceleration v 2 IR leftward. We find v 2 from energy conservation: 

K P + U P =K Q + U Q 

1 2 

0 + mgh = — mv + mgR 

Using the fact that h = 5R, we find mv 2 = 8mgR. Thus, the horizontal component of the 
net force on the block at Q is 

F = mvIR = 8mg=8(0.032 kg)(9.8 m/s 2 )= 2.5 N. 

and points left (in the same direction as a ). 

(b) The downward component of the net force on the block at Q is the downward force of 
gravity 

F = mg =(0.032 kg)(9.8 m/s 2 )= 0.31 N. 

(c) To barely make the top of the loop, the centripetal force there must equal the force of 
gravity: 

mv f 2 n 

— - = mg => mv t = mgR 

R 

This requires a different value of h than was used above. 

K p + U p =K t +U í 
1 2 

0 + mgh = — mv l + mgh t 
mgh = ^ (mgR) + mg(2R) 

Consequently, h = 2.5R = (2.5)(0.12 m) = 0.30 m. 

(d) The normal force Fn, for speeds v t greater than -JgR (which are the only 
possibilities for non-zero F N — see the solution in the previous part), obeys 


mv] 

F N = ~jl m S 


from Newton's second law. Since vf is related to h F N 
by energy conservation 2 _ 

K P + U P = K t +U t ^gh = ^vf+2gR 

^ 1 - 

then the normal force, as a function for h (so long as 0.5 - 
h > 2.5R — see solution in previous part), becomes 

0.1 0.2 0.3 04 0.5 0.6 0.7 

Thus, the graph for h > 2.5R consists of a straight line of positive slope 2mglR (which can 
be set to some convenient values for graphing purposes). 

Note that for h < 2.5R, the normal force is zero. 



20. (a) With energy in Joules and length in meters, we have 

AU = U(x) - U(0) = -j" (6x' - I2)dx' . 

Therefore, with U (0) = 27 J, we obtain U(x) (written simply as U) by integrating and 
rearranging: 

L/ = 27 + 12x-3x 2 . 

(b) We can maximize the above function by working through the dU I dx = 0 condition, 
or we can treat this as a force equilibrium situation — which is the approach we show. 

F = 0 => 6* -12 = 0 

Thus, x eq = 2.0 m, and the above expression for the potential energy becomes U= 39 J. 

(c) Using the quadratic formula or using the polynomial solver on an appropriate 
calculator, we find the negative value of x for which U= 0 to be x = -1.6 m. 

(d) Similarly, we find the positive value of x for which U = 0 to be x = 5.6 m 


21. (a) As the string reaches its lowest point, its original potential energy U = mgL 
(measured relative to the lowest point) is converted into kinetic energy. Thus, 

mgL = ~ mv2 =>v = -y]2gL . 

With L = 1 .20 m we obtain v = 4.85 m/s . 

(b) In this case, the total mechanical energy is shared between kinetic \mv 2 h and 

potential mgyt. We note that yb = 2r where r = L - d = 0.450 m. Energy conservation 
leads to 

mgL = \mv 2 h +mgy b 


which yields v b = ^2gL - 2g(2r) =2.42 m/s . 


22. We denote m as the mass of the block, h = 0.40 m as the height from which it dropped 
(measured from the relaxed position of the spring), and x the compression of the spring 
(measured downward so that it yields a positive value). Our reference point for the 
gravitational potential energy is the initial position of the block. The block drops a total 
distance h + x, and the final gravitational potential energy is -mg(h + x). The spring 
potential energy is \ kx 2 in the final situation, and the kinetic energy is zero both at the 
beginning and end. Since energy is conserved 


which is a second degree equation in x. Using the quadratic formula, its solution is 


Now mg = 19.6 N, h = 0.40 m, and k = 1960 N/m , and we choose the positive root so 
thatx > 0. 


K f +U 


f 


0 = -mg(h + x) + — kx 2 



k 


x = 



= 0.10m. 


1960 


23. Since time does not directly enter into the energy formulations, we return to Chapter 
4 (or Table 2-1 in Chapter 2) to find the change of height during this t = 6.0 s flight. 

This leads to Ay = -32 m . Therefore AU = mgAy = -318 J = -3.2xl(T 2 J . 


24. From Chapter 4, we know the height h of the skier's jump can be found from 
v 2 y = 0 = Vq - 2g7z where v 0 y = v 0 sin 28° is the upward component of the skier's "launch 
velocity." To find v 0 we use energy conservation. 

(a) The skier starts at rest y = 20 m above the point of "launch" so energy conservation 
leads to 

mgy = ~ mv2 ^>v = -yjlgy = 20 m/s 

which becomes the initial speed v 0 for the launch. Hence, the above equation relating h to 
vo yields 

(v 0 sin 28 o ) 2 
h = ^ '— = 4.4 m. 

(b) We see that ali reference to mass cancels from the above computations, so a new 
value for the mass will yield the same result as before. 


25. (a) To find out whether or not the vine breaks, it is sufficient to examine it at the 
moment Tarzan swings through the lowest point, which is when the vine — if it didn't 
break — would have the greatest tension. Choosing upward positive, Newton 's second 
law leads to 

2 


T -mg ■ 


m- 


where r = 18.0 m and m = W/g = 688/9.8 = 70.2 kg . We find the v 2 from energy 
conservation (where the reference position for the potential energy is at the lowest point). 

mgh = ~ mv2 => y2 = 2g/z 
where h = 3.20 m. Combining these results, we have 


T = mg + m 


2gh 


mg 


1 + — 

V r ) 


which yields 933 N. Thus, the vine does not break. 


(b) Rounding to an appropriate number of significant figures, we see the maximum 
tension is roughly 9.3 x IO 2 N. 


26. (a) We take the reference point for gravitational energy to be at the lowest point of the 
swing. Let 0 be the angle measured from vertical. Then the height y of the pendulum 
"bob" (the object at the end of the pendulum, which i this problem is the stone) is given 
by L{\ - cos0) =y . Hence, the gravitational potential energy is 

mgy = mgL{\ - cos0). 

When 0= 0 o (the string at its lowest point) we are told that its speed is 8.0 m/s; its kinetic 
energy there is therefore 64 J (using Eq. 7-1). At 0= 60° its mechanical energy is 

1 2 

£mech= 2 mv + mgL{\ - cos0) . 

Energy conservation (since there is no friction) requires that this be equal to 64 J. 
Solving for the speed, we find v = 5.0 m/s. 

(b) We now set the above expression again equal to 64 J (with 0 being the unknown) but 
with zero speed (which gives the condition for the maximum point, or "turning point" 
that it reaches). This leads to 0 max = 19°. 

(c) As observed in our solution to part (a), the total mechanical energy is 64 J. 


27. We convert to SI units and choose upward as the +y direction. Also, the relaxed 
position of the top end of the spring is the origin, so the initial compression of the spring 
(defining an equilibrium situation between the spring force and the force of gravity) is yo 
= -0.100 m and the additional compression brings it to the position y\ = -0.400 m. 

(a) When the stone is in the equilibrium (a = 0) position, Newtohs second law becomes 

F net = ma 

F spn„ g -^ = 0 

-£(-0.100)-(8.00)(9.8) = 0 


where Hooke's law (Eq. 7-21) has been used. This leads to a spring constant equal to k = 
784 N/m. 

(b) With the additional compression (and release) the acceleration is no longer zero, and 
the stone will start moving upwards, turning some of its elastic potential energy (stored in 
the spring) into kinetic energy. The amount of elastic potential energy at the moment of 
release is, using Eq. 8-11, 

U = i ky\ = ^(784) (-0.400) 2 = 62.7 J. 

(c) Its maximum height j2 is beyond the point that the stone separates from the spring 
(entering free-fall motion). As usual, it is characterized by having (momentarily) zero 
speed. If we choose the yi position as the reference position in computing the 
gravitational potential energy, then 

K l + U l = K 2 +U 2 

1 9 

0 + -ky ] { =Q + mgh 

where h = yi - y\ is the height above the release point. Thus, mgh (the gravitational 
potential energy) is seen to be equal to the previous answer, 62.7 J, and we proceed with 
the solution in the next part. 

(d) We find h = ky 2 Jlmg = 0.800 m , or 80.0 cm. 


28. We take the original height of the box to be the y = 0 reference levei and observe that, 
in general, the height of the box (when the box has moved a distance d downhill) is 
j = -í/sin40°. 

(a) Using the conservation of energy, we have 

K i +U l = K + U^ 0 + 0 

Therefore, with d = 0.10 m, we obtain v = 0.81 m/s. 

(b) We look for a value of d 0 such that K=0. 

K i +U l =K + U^0 + 0 = 0 + mgy + ^kd 2 . 
Thus, we obtain mgd sin40° = \kd 2 and find d = 0.21 m. 

(c) The uphill force is caused by the spring (Hooke's law) and has magnitude kd = 25.2 N. 
The downhill force is the component of gravity mgsin40°= 12.6 N. Thus, the net force 
on the box is (25.2 - 12.6) N = 12.6 N uphill, with a = F/m =(12.6 N)/(2.0 kg) = 6.3 m/s 2 . 


1 2 l 7j2 
= —mv +mgy + — kd . 


(d) The acceleration is up the incline. 


29. The reference point for the gravitational potential energy U g (and height h) is at the 
block when the spring is maximally compressed. When the block is moving to its highest 
point, it is first accelerated by the spring; later, it separates from the spring and finally 
reaches a point where its speed v/is (momentarily) zero. The x axis is along the incline, 
pointing uphill (so x 0 for the initial compression is negative-valued); its origin is at the 
relaxed position of the spring. We use SI units, so k = 1960 N/m and xo = -0.200 m. 


(a) The elastic potential energy is \kx\ = 39.2 J . 


(b) Since initially U g = 0, the change in U g is the same as its final value mgh where m = 
2.00 kg. That this must equal the result in part (a) is made clear in the steps shown in the 
next part. Thus, ÍS.U g = U g = 39.2 J. 

(c) The principie of mechanical energy conservation leads to 

K 0 + U 0 = K f +U f 
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0 + -kxo = 0 + mgh 


which yields h = 2.00 m. The problem asks for the distance along the incline, so we have 
í/=A/sin30° = 4.00 m. 


30. From the slope of the graph, we find the spring constant 

AF 

k = — = 0.10N/cm = lON/m. 

(a) Equating the potential energy of the compressed spring to the kinetic energy of the 
cork at the moment of release, we have 

1, 2 1 2 

— kx =—mv =>v = x 
2 2 

which yields v = 2.8 m/s for m = 0.0038 kg andx = 0.055 m. 

(b) The new scenario involves some potential energy at the moment of release. With d = 
0.015 m, energy conservation becomes 

— kx 2 = —mv 2 + — kd 2 =í> v = J—(x 2 -d 2 ) 
2 2 2 \m y ' 

which yields v = 2.7 m/s. 



31. We refer to its starting point as A, the point where it first comes into contact with the 
spring as B, and the point where the spring is compressed |jc] = 0.055 m as C. Point C is 
our reference point for computing gravitational potential energy. Elastic potential energy 
(of the spring) is zero when the spring is relaxed. Information given in the second 
sentence allows us to compute the spring constant. From Hooke's law, we find 

, F 270 N , „ tn4 XT , 

k = — = = 1.35x10 N/m. 

x 0.02 m 

(a) The distance between points A and B is F g and we note that the total sliding distance 
£ + \x\ is related to the initial height h of the block (measured relative to C) by 


= sin 6 


£+\x\ 

where the incline angle #is 30°. Mechanical energy conservation leads to 


K A + U Ã = K C + U C 
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0 + mgh = 0 + -kx 


which yields 


Therefore, 


tf (l.35xl0 4 N/m)(0.055 m) 2 

h = = — — - = 0.174 m 

2mg 2(12 kg) (9.8 m/s 2 ) 


, , , h 0.174 m 

+ bc = = = 0.35 m 

1 1 sin 30° sin 30° 


(b) From this result, we find £ = 0.35-0.055 = 0.29 m , which means that 
Ay = -£ sin 0 = -0.1 5 m in sliding from point A to point B. Thus, Eq. 8-18 gives 

A^ + AÍ7 = 0 

1 

— mv B +mgAh = 0 


which yields v B = j-lgAh = A /-(9.8)(-0.15) = 1 .7 m/s . 


32. The work required is the change in the gravitational potential energy as a result of the 
chain being pulled onto the table. Dividing the hanging chain into a large number of 
infinitesimal segments, each of length dy, we note that the mass of a segment is (m/L) dy 
and the change in potential energy of a segment when it is a distance \y\ below the table 
top is 

dU = (m/L)g\y\ dy = -{mlL)gy dy 

since y is negative-valued (we have +y upward and the origin is at the tabletop). The total 
potential energy change is 

AC/ = -ff I(4 ^4f(W=^/32. 

The work required to pull the chain onto the table is therefore 


W= AU= mgL/32 = (0.012 kg)(9.8 m/s 2 )(0.28 m)/32 = 0.0010 J. 


33. Ali heights h are measured from the lower end of the incline (which is our reference 
position for computing gravitational potential energy mgh). Our x axis is along the incline, 
with +x being uphill (so spring compression corresponds to x > 0) and its origin being at 
the relaxed end of the spring. The height that corresponds to the canister's initial position 
(with spring compressed amount x = 0.200 m) is given by h\ = (D + x) sin 6, where 
0 = 37°. 

(a) Energy conservation leads to 

1.1. 

K l +U l =K 2 +U 2 =í> O + mg(D + x)sin0 + -kx =-mv: ,+mgDsin0 
which yields, using the data m = 2.00 kg and k = 170N/m, 



(b) In this case, energy conservation leads to 



which yields v 3 = ^2g(D + x)sin8 + kx 2 1 m =4.19 m/s. 




34. The distance the marble traveis is determined by its initial speed (and the methods of 
Chapter 4), and the initial speed is determined (using energy conservation) by the original 
compression of the spring. We denote h as the height of the table, and x as the horizontal 
distance to the point where the marble lands. Then x = v 0 t and h = \gt 2 (since the 
vertical component of the marble's "launch velocity" is zero). From these we find 
x - v 0 yJ2 h/g . We note from this that the distance to the landing point is directly 

proportional to the initial speed. We denote vo 1 be the initial speed of the first shot and D\ 
= (2.20 - 0.27) m = 1.93 m be the horizontal distance to its landing point; similarly, V02 is 
the initial speed of the second shot and D = 2.20 m is the horizontal distance to its 
landing spot. Then 

v 02 D D 

— = — => V 02=— V 01 

v 0] D l D, 

When the spring is compressed an amount^ , the elastic potential energy is \kl 2 . When 
the marble leaves the spring its kinetic energy is \mv\ . Mechanical energy is conserved: 
\mv\ =jk£ 2 , and we see that the initial speed of the marble is directly proportional to 
the original compression of the spring. If t \ is the compression for the first shot and £ 2 
is the compression for the second, then v 02 =(^ 2 /A) v oi- Relating this to the previous 
result, we obtain 

D . f2.20m^ 


A 


1.93 m 


(1.10 cm) = 1.25 cm. 


35. Consider a differential element of length dx at a distance x from one end (the end 
which remains stuck) of the cord. As the cord turns vertical, its change in potential 
energy is given by 

dU = -{Àdx)gx 

where À = m/ h is the mass/unit length and the negative sign indicates that the potential 
energy decreases. Integrating over the entire length, we obtain the total change in the 
potential energy: 

AU = jdU = _ j[ Àgxdx = - — Àgh 2 = - — mgh. 


Withm=15 gandA = 25 cm, we have AC/ = -0.018 J. 


36. LetF w be the normal force of the ice on him and m is his mass. The net inward force 

is mg cos 6— F N and, according to Newton's second law, this must be equal to mv IR, 
where v is the speed of the boy. At the point where the boy leaves the ice F N = 0, so g cos 
0 = v IR. We wish to find his speed. If the gravitational potential energy is taken to be 
zero when he is at the top of the ice mound, then his potential energy at the time shown is 

U=-mgR(\ - cos 0). 

He starts from rest and his kinetic energy at the time shown is^mv 2 . Thus conservation 
of energy gives 

0 = \mv 2 -mgR(\- cos0), 

or v 2 = 2gR(l - cos 0). We substitute this expression into the equation developed from 
the second law to obtain g cos 6= 2g{\ - cos 0). This gives cos 0= 2/3. The height of 
the boy above the bottom of the mound is 


h = R cos 0= 2RI3 = 2(13.8 m)/3 = 9.20 m. 


37. (a) The (final) elastic potential energy is 

U= \kx 2 = \ (431 N/m)(0.210 m) 2 = 9.50 J. 

Ultimately this must come from the original (gravitational) energy in the system mgy 
(where we are measuring y from the lowest "elevation" reached by the block, so y = (d + 
x)sin(30°). Thus, 

mg(d + x)sin(30°) = 9.50 J => d = 0.396 m. 

(b) The block is still accelerating (due to the component of gravity along the incline, 
mgsin(30°)) for a few moments after coming into contact with the spring (which exerts 
the Hooke's law force kx), until the Hooke's law force is strong enough to cause the 
block to being decelerating. This point is reached when 

kx = mgsin30° 

which leads to x = 0.0364 m = 3.64 cm; this is long before the block finally stops (36.0 
cm before it stops). 


38. (a) The force at the equilibrium position r = r eq is 


dU 
dr r 


eq 


= 0 => - 


12 A 6B 


r u r 1 

eq eq 



which leads to the result 


(2Á\ 

6 


= 1.12 


[b ) 


KB, 


(b) This defines a minimum in the potential energy curve (as can be verified either by a 
graph or by taking another derivative and verifying that it is concave upward at this 
point), which means that for values of r slightly smaller than r eq the slope of the curve is 
negative (so the force is positive, repulsive). 

(c) And for values of r slightly larger than r eq the slope of the curve must be positive (so 
the force is negative, attractive). 


39. From Fig. 8-50, we see that at x = 4.5 m, the potential energy is U\ = 15 J. If the 
speed is v = 7.0 m/s, then the kinetic energy is 

K x =mvl2 = (0.90 kg)(7.0 m/s) 2 /2 = 22 J. 

The total energy is E\ = U i+ K\ = (15 + 22) J = 37 J. 

(a) At x = 1.0 m, the potential energy is Ui = 35 J. From energy conservation, we have 
K 2 =2.0 J > 0. This means that the particle can reach there with a corresponding speed 


2J k= 
2 V m V 0 - 90k ê 

(b) The force acting on the particle is related to the potential energy by the negative of the 
slope: 

Ax 

From the figure we have F x = -^-^ — = +10 N . 

2 m-4 m 

(c) Since the magnitude F x > 0 , the force points in the +x direction. 

(d) At x = 7.0m, the potential energy is Í7 3 = 45 J which exceeds the initial total energy E\. 
Thus, the particle can never reach there. At the turning point, the kinetic energy is zero. 
Between x = 5 and 6 m, the potential energy is given by 

£/(jc) = 15 + 30(jc-5), 5<x<6. 
Thus, the turning point is found by solving 37 = 15 + 3 0(x - 5) , which yields x = 5 .7 m. 

(e) At x =5.0 m, the force acting on the particle is 

F= _At/ = _(45-15)J = _ 30N 
Ax (6-5) m 

The magnitude is | F x |= 3 0 N . 


(f) The fact that F x < 0 indicated that the force points in the -x direction. 


40. In this problem, the mechanical energy (the sum of K and U) remains constant as the 
particle moves. 


(a) Since mechanical energy is conserved, U B +K B = U A + K A , the kinetic energy of the 
particle in region^ (3.00 m < x < 4.00 m) is 

K A = U 3 -U A +K B = 12.0 J -9.00 J + 4.00 J = 7.00 J . 
With K A = mv A 1 2, the speed of the particle at x = 3 .5 m (within region A) is 

\2K~ A Í2Í7.00 J) _„ . 
v, =. — ±= — -=8.37 m/s. 

A V m V°- 200k g 

(b) At x = 6.5m, Í7 = 0 and K = U B +K B =12.0 J + 4.00 J = 16.0 J by mechanical 
energy conservation. Therefore, the speed at this point is 


2K 2(16.0 J) ^ r , 

v = J = — = 12.6 m/s. 

V m V 0.200 kg 


(8.0 m, 24.00 J) 


(c) At the turning point, the speed of the particle is zero. Let the 
position of the right turning point bex^. From the figure shown on the ^ XR ' 16 00 J -* 

right, we find x R to be 


16.00 J-0 24.00 J-16.00J 



x R -7.00 m 


8.00 m-x B 


x R = 7.67 m. 


(7.0 m, 0 J) 


(d) Let the position of the left turning point bex L . From the figure (í.Om, 20.00 J) 
shown, we find x L to be 


16.00 J-20.00 J _ 9.00 J-16.00 J 
Xj-l.OOm ~ 3.00 m-x L 


x L =1.73 m. 


Jx L , 16.00 J) 


(3.0 m, 9.00 J) 


41. (a) The energy at x = 5.0 m is E = K+ U= 2.0 J - 5.7 J = 


-3.7 J. 


(b) A plot of the potential energy curve (SI units understood) and the 
energy E (the horizontal line) is shown for 0 < x < 10 m. 



o- 


X 
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(c) The problem asks for a graphical determination of the turning points, which are the 
points on the curve corresponding to the total energy computed in part (a). The result for 
the smallest turning point (determined, to be honest, by more careful means) is x = 1.3 m. 

(d) And the result for the largest turning point is x = 9. 1 m. 

(e) Since K = E - U, then maximizing K involves finding the minimum of U. A graphical 
determination suggests that this occurs atx = 4.0 m, which plugs into the expression 

E - U = -3.7 - (-4xe~ xl4 ) to give K = 2.16 J ~ 2.2 J. Alternatively, one can measure 
from the graph from the minimum of the U curve up to the levei representing the total 
energy E and thereby obtain an estimate of K at that point. 

(f) As mentioned in the previous part, the minimum of the U curve occurs at x = 4.0 m. 

(g) The force (understood to be in newtons) follows from the potential energy, using Eq. 
8-20 (and Appendix E if students are unfamiliar with such derivatives). 


F = 


dU 


(4-x)e 


dx 


(h) This revisits the considerations of parts (d) and (e) (since we are returning to the 
minimum of U(x)) — but now with the advantage of having the analytic result of part (g). 
We see that the location which produces F = 0 is exactly x = 4.0 m. 


42. Since the velocity is constant, a = 0 and the horizontal component of the worker's 
push F cos #(where 6= 32°) must equal the friction force magnitude ft = jUkF N . Also, the 
vertical forces must cancel, implying 

^ applied = (8.0N)(0.70m) = 5.6 J 
which is solved to find F= 71 N. 

(a) The work done on the block by the worker is, using Eq. 7-7, 

W = Fd cos 6 = (7 1 N) (9.2 m) cos 32° = 5.6 x 1 0 2 J . 


(b) Since/i = ju k (mg + F sin 6), we find AE th = f k d = (60N)(9.2m) = 5.6xl0 2 J. 


43. (a) Using Eq. 7-8, we have 

^ applied =(8.0N)(0.70m) = 5.6J. 

(b) Using Eq. 8-31, the thermal energy generated is 

AE th = / t </ = (5.0N)(0.70m) = 3.5J. 


44. (a) The work is W = Fd= (35.0 N)(3.00 m) = 105 J. 


(b) The total amount of energy that has gone to thermal forms is (see Eq. 8-3 1 and Eq. 
6-2) 

AE th = ju k mgd=(0.600)(4.00 kg)(9.80 m/s 2 )(3.00 m) = 70.6 J. 
If 40.0 J has gone to the block then (70.6 - 40.0) J = 30.6 J has gone to the floor. 


(c) Much of the work (105 J ) has been "wasted" due to the 70.6 J of thermal energy 
generated, but there still remains (105 - 70.6 ) J = 34.4 J which has gone into increasing 
the kinetic energy of the block. (It has not gone into increasing the potential energy of 
the block because the floor is presumed to be horizontal.) 


45. (a) The work done on the block by the force in the rope is, using Eq. 7-7, 
W = Fdcos0 = (7.68 N)(4.06m)cosl5.0° = 30.1 J. 

(b) Using / for the magnitude of the kinetic friction force, Eq. 8-29 reveals that the 
increase in thermal energy is 

AE th =fd = (7.42 N)(4.06 m) = 30. 1 J. 

(c) We can use Newtohs second law of motion to obtain the frictional and normal forces, 
then use /4 = AFn to obtain the coefficient of friction. Place the x axis along the path of 
the block and the y axis normal to the floor. The x and the y component of Newtohs 
second law are 

x: Fcos 6—f = 0 

y: F N + Fsin 0- mg = 0, 

where m is the mass of the block, F is the force exerted by the rope, and 6 is the angle 
between that force and the horizontal. The first equation gives 

f=F cos #=(7.68 N)cosl5.0° = 7.42N 

and the second gives 

F N =mg-F sin 0= (3.57 kg)(9.8 m/s 2 ) - (7.68 N) sinl5.0° = 33.0 N. 

Thus, 

f 7 42 N 
M k = — = =0.225. 
* F N 33.0 N 


46. Equation 8-33 provides ÁZsth = -AE mec for the energy "lost" in the sense of this 
problem. Thus, 

A£ th = \m{v] -v 2 f ) + mg( yi -y f ) = 1(60 kg)[(24 m/s) 2 -(22 m/s) 2 ] + (60 kg)(9.8 m/s 2 )(14 
= l.lxl0 4 J. 

That the angle of 25° is nowhere used in this calculation is indicative of the fact that 
energy is a scalar quantity. 


47. (a) We take the initial gravitational potential energy to be Uj = 0. Then the final 
gravitational potential energy is U/= -mgL, where L is the length of the tree. The change 
is 

t/ / -C/ < = -/ngL = -(25kg)(9.8 m/s 2 )(12 m) = -2.9xl0 3 J . 

(b) The kinetic energy is K = ^mv 2 = ^-(25 kg)(5.6 m/s) 2 = 3.9x1 0 2 J . 

(c) The changes in the mechanical and thermal energies must sum to zero. The change in 
thermal energy is Á£\h = JL, where / is the magnitude of the average frictional force; 
therefore, 

AK + AU 3.9xl0 2 J-2.9xl0 3 J . . 


48. We work this using the English units (with g = 32 ft/s), but for consistency we 
convert the weight to pounds 


mg = (9.0) oz 


^ 11b ^ 
16oz 


= 0.561b 


which implies m = 0.018 lb ■ s 2 /ft(which can be phrased as 0.018 slug as explained in 
Appendix D). And we convert the initial speed to feet-per-second 


v, =(8 1.8 mi/h) 


^5280 ft/mi^ 
3600 s/h 


= 120 ft/s 


or a more "direct" conversion from Appendix D can be used. Equation 8-30 provides 
AZith = -AE mec for the energy "lost" in the sense of this problem. Thus, 


A£ th = - m(vf - v 2 , ) + mg{ y i - y f ) = - (0.0 1 8)(1 20 2 - 1 1 0 2 ) + 0 = 20 ft ■ lb. 
2 2 


49. We use SI units so m = 0.075 kg. Equation 8-33 provides AE t h = -AE mec for the 
energy "lost" in the sense of this problem. Thus, 

^th = ^ m (vf ~ v 2 f ) + mg( y t - y f ) 

= ^(0.075 kg)[(12 m/s) 2 -(10.5 m/s) 2 ] + (0.075 kg)(9.8 m/s 2 )(l.l m-2.1 m) 
= 0.53 J. 


50. We use Eq. 8-31 to obtain 


AE th = f k d = (10 N)(5 .0 m) = 50 J 

and Eq. 7-8 to get 

W = Fd = (2.0N)(5.0m) = 10 J. 

Similarly, Eq. 8-3 1 gives 

W=AK+AU + AE tb 
10 = 35 + A£/ + 50 


which yields AU = -75 J. By Eq. 8-1, then, the work done by gravity is W= -AU = 75 J. 


5 1 . (a) The initial potential energy is 

U, =mgy i = (520 kg) (9.8 m/s 2 ) (300 m) = 1.53 x IO 6 J 


where +y is upward and y = 0 at the bottom (so that U/= 0). 

(b) Since fk = jUkF N = /iting cos# we haveÁis th = f k d = H k mgd cosd from Eq. 8-31. 
Now, the hillside surface (of length d = 500 m) is treated as an hypotenuse of a 3-4-5 
triangle, so cos 0= x/d where x = 400 m. Therefore, 


A^th =V k mgd- = ju k mgx = (0.25) (520) (9.8) (400) = 5.1 x 1 0 5 J 
d 


(c) Using Eq. 8-31 (with W = 0) we find 

= 0 + 1.53 x IO 6 -0 -5.1xl0 5 
= 0 + 1.02xl0 6 J. 

(d) From K f =mv 2 /2, we obtain v = 63 m/s. 


52. Energy conservation, as expressed by Eq. 8-33 (with W= 0) leads to 


ÁE th =K i -K f +U i -U f => f k d = 0-0 + -kx 2 -0 


— u . ha = v/ — v/i — kx 2 

f Jk 2 


^ jU k mgd=-(200Wm)(0.\5my => ju k (2.0 kg)(9.8 m/s0(0.75 m) = 2.25 J 
which yields /4 = 0.15 as the coefficient of kinetic friction. 


53. Since the valley is frictionless, the only reason for the speed being less when it 
reaches the higher levei is the gain in potential energy AU = mgh where h = 1.1 m. 
Sliding along the rough surface of the higher levei, the block finally stops since its 
remaining kinetic energy has turned to thermal energy AZi th = f k d = jumgd , where 

ju = 0.60 . Thus, Eq. 8-33 (with W = 0) provides us with an equation to solve for the 
distance d: 

K t = AU + AE th =mg(h + jiíd) 
where K i = mvf 1 2 and v,- = 6.0 m/s. Dividing by mass and rearranging, we obtain 


Í = -!É~*=U 
2jug ju 


54. (a) An appropriate picture (once friction is included) for this problem is Figure 8-3 in 
the textbook. We apply equation 8-31, ÁZsth =fkd, and relate initial kinetic energy K { to 
the "resting" potential energy U r \ 

Kt + Uf =f k d + K r + U r => 20.0 J + 0 =f k d + 0 + \kd 2 

where f k = 10.0 N and k = 400 N/m. We solve the equation for d using the quadratic 
formula or by using the polynomial solver on an appropriate calculator, with d = 0.292 m 
being the only positive root. 

(b) We apply equation 8-3 1 again and relate U r to the "second" kinetic energy K s it has at 
the unstretched position. 
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K r + U r =fkd + K S + U S => 2 kd = f kd + K s + 0 
Using the result from part (a), this yields K s = 14.2 J. 


55. (a) The vertical forces acting on the block are the normal force, upward, and the force 
of gravity, downward. Since the vertical component of the block's acceleration is zero, 
Newtohs second law requires F N = mg, where m is the mass of the block. Thus /= jUk F N 
= jU/ctng- The increase in thermal energy is given by AE t h = fd = jUkingD, where D is the 
distance the block moves before coming to rest. Using Eq. 8-29, we have 


(b) The block has its maximum kinetic energy K max just as it leaves the spring and enters 
the region where friction acts. Therefore, the maximum kinetic energy equals the thermal 
energy generated in bringing the block back to rest, 67 J. 

(c) The energy that appears as kinetic energy is originally in the form of potential energy 

1 2 

in the compressed spring. Thus, iC max = U i =—kx , where k is the spring constant and x is 
the compression. Thus, 


AE th = (0.25) (3.5 kg) (9.8 m/s 2 ) (7.8 m) = 67 J. 



56. We look for the distance along the incline d which is related to the height ascended by 
Ah = d sin 0. By a force analysis of the style done in Ch. 6, we find the normal force has 
magnitude F N = mg cos 0 which means fu = jUktng cosO. Thus, Eq. 8-33 (with W = 0) 
leads to 

0 = K f -K i +AU + AE th 
= 0 - K t : + mgd sin 0 + jU k mgd cos 0 

which leads to 


57. Before the launch, the mechanical energy isÀis mech0 = 0 . At the maximum height h 
where the speed of the beetle vanishes, the mechanical energy is Ais mech l = mgh . The 
change of the mechanical energy is related to the externai force by 

A ^mech = AE mech ,l " A ^m e ch,0 = ^gh = F avg d COS^ , 

where F avg is the average magnitude of the externai force on the beetle. 

(a) From the above equation, we have 

P _ mgh _ (4.0xl0- 6 kg)(9.80m/s 2 )(0.30m) _ 15xl() _ 2N 
avg dcos<p (7.7xl(T 4 m)(cos0 o ) 

(b) Dividing the above result by the mass of the beetle, we obtain 


58. (a) Using the force analysis shown in Chapter 6, we find the normal force 
F N = mg cos 0 (where mg = 267 N) which means fk=jU k F N =/4 mg cos 0. Thus, Eq. 8-31 
yields 

AE th = f k d = jU k mgd cos 0 = (0.1 0) (267) (6.1) cos 20° = 1.5 x 1 0 2 J . 
(b) The potential energy change is 

AU=mg(-d sin 0) = (267 N)(- 6.1 m) sin 20° = -5.6 x IO 2 J. 
The initial kinetic energy is 


Y 1 2 1 

A, = —mv. = — 
' 2 ' 2 


' 267 N ^ 
9.8m/s 2 


(0.457m/s 2 ) = 2.8J. 


Therefore, using Eq. 8-33 (with W= 0), the final kinetic energy is 

K f =K i -AU-AE th =2.8-(-5.6xl0 2 )-1.5xl0 2 =4.1xl0 2 J. 


Consequently, the final speed is v f = ^2K f jm = 5.5 m/s . 


59. (a) With x = 0.075 m and £ = 320N/m, Eq. 7-26 yields W s = -\kx 2 = -0.90 J. For 
later reference, this is equal to the negative of AU. 

(b) Analyzing forces, we find F N = mg which means f k = jU k F N = jU k mg . With d = x, Eq. 
8-31 yields 

M th = f k d = ju k mgx = (0.25) (2.5) (9.8) (0.075) = 0.46 J. 

(c) Eq. 8-33 (with W= 0) indicates that the initial kinetic energy is 

K t = AU + AE ± = 0.90 + 0.46 = 1.36 J 

which leads to v ( . = ^IK.Jm = 1.0 m/s. 


60. This can be worked entirely by the methods of Chapters 2-6, but we will use energy 
methods in as many steps as possible. 


(a) By a force analysis of the style done in Ch. 6, we find the normal force has magnitude 
F N = mg cos # (where 6= 40°) which means ft = H k F N = /iking cos # where //a = 0.15. 
Thus, Eq. 8-3 1 yields 

Aiith = fkd = jUkingd cos 6. 

Also, elementary trigonometry leads us to conclude that AU = mgd sin 0. Eq. 8-33 (with 
W= 0 and K/= 0) pro vides an equation for determining d: 

K=AU + AE tb 

^ mv f = m gd (sin#+ jU k cos 9) 

where v,. = 1.4 m/s. Dividing by mass and rearranging, we obtain 

v 2 

= 0.13m. 


2g(sin<9 + ju k cosO) 

(b) Now that we know where on the incline it stops (d' = 0.13 + 0.55 = 0.68 m from the 
bottom), we can use Eq. 8-33 again (with W = 0 and now with K { = 0) to describe the 
final kinetic energy (at the bottom): 

K f = -AU - AE th 

^«ív 2 = mgd'(sin0- jU k cosO) 

which — after dividing by the mass and rearranging — yields 

v = ^2gd'{sm0 - /u k cosO) = 2.7 m/s. 

(c) In part (a) it is clear that d increases if /4 decreases — both mathematically (since it is 
a positive term in the denominator) and intuitively (less friction — less energy "lost"). In 
part (b), there are two terms in the expression for v which imply that it should increase if 
flk were smaller: the increased value of d' = do + d and that last factor sin 8- jUk cos 0 
which indicates that less is being subtracted from sin #when /4 is less (so the factor itself 
increases in value). 


61. (a) The maximum height reached is h. The thermal energy generated by air resistance 
as the stone rises to this height is AEth = fhby Eq. 8-31. We use energy conservation in 
the form of Eq. 8-33 (with W = 0): 


K f +U f +AE th =K i +U i 
and we take the potential energy to be zero at the throwing point (ground levei). The 

1 2 

initial kinetic energy is K t = —mv 0 , the initial potential energy is £/,- = 0, the final kinetic 

energy is K/= 0, and the final potential energy is U/= wh, where w = mg is the weight of 

1 2 

the stone. Thus, wh + fh = — mv o > an d we solve for the height: 

h= mv\ _ v 2 0 


2(w + f) 2g(l + f/w) 

Numerically, we have, with m = (5.29 N)/(9.80 m/s 2 )=0.54 kg, 

(20.0 m/s) 2 ... . 

h = — r = 19.4 m/s . 

2(9.80 m/s 2 )(l + 0.265/5.29) 

(b) We notice that the force of the air is downward on the trip up and upward on the trip 
down, since it is opposite to the direction of motion. Over the entire trip the increase in 

1 2 

thermal energy is AE t h = 2fh. The final kinetic energy is K f = —mv , where v is the 

speed of the stone just before it hits the ground. The final potential energy is U/= 0. Thus, 
using Eq. 8-31 (with W= 0), we find 

—mv +2jh = —mv 0 . 


We substitute the expression found for h to obtain 


2 >o 1 2 1 


-—mv 2 - — mvl 


2g(\ + f/w) 2 2 

which leads to 


2 0^2 f n, r \ r 

w-f 


v 2 =v 2 2/Vg = y 2 = y 2 


mg(\ + f/w) u w(\ + f/w) 


; v 0 


w+f 


where w was substituted for mg and some algebraic manipulations were carried out. 
Therefore, 


w-f ,s P.29 N- 0.265 N inn , 

v = v n —=(20.0 m/s) =19.0 m/s 

\w+f V 5.29 N + 0.265 N 


62. In the absence of friction, we have a simple conversion (as it moves along the 
inclined ramps) of energy between the kinetic form (Eq. 7-1) and the potential form (Eq. 
8-9). Along the horizontal plateaus, however, there is friction which causes some of the 
kinetic energy to dissipate in accordance with Eq. 8-3 1 (along with Eq. 6-2 where jUk = 
0.50 and F N = mg in this situation). Thus, after it slides down a (vertical) distance d it 
1 2 

has gained K = ^ mv = mgd, some of which (AEth = /4 mgd) is dissipated, so that the 

value of kinetic energy at the end of the first plateau (just before it starts descending 
towards the lowest plateau) is K = mgd - /ikfngd = 0.5mgd. In its descent to the lowest 
plateau, it gains mgd/2 more kinetic energy, but as it slides across it "loses" /it mgd/2 of it. 
Therefore, as it starts its climb up the right ramp, it has kinetic energy equal to 

K = 0.5mgd + mgd/2- jUk mgd/2 = 3 mgd I 4. 

Setting this equal to Eq. 8-9 (to find the height to which it climbs) we get H = 3 Ad. Thus, 
the block (momentarily) stops on the inclined ramp at the right, at a height of 

H = 0.1 5d = 0.75 ( 40 cm) = 30 cm 


measured from the lowest plateau. 


63. The initial and final kinetic energies are zero, and we set up energy conservation in 
the form of Eq. 8-33 (with W = 0) according to our assumptions. Certainly, it can only 
come to a permanent stop somewhere in the flat part, but the question is whether this 
occurs during its first pass through (going rightward) or its second pass through (going 
leftward) or its third pass through (going rightward again), and so on. If it occurs during 
its first pass through, then the thermal energy generated is AE t h = fid where d < L 
and f k = H k mg . If it occurs during its second pass through, then the total thermal energy 

is ÁE t h = jUk mg(L + d) where we again use the symbol d for how far through the levei area 
it goes during that last pass (so 0 < d < L). Generalizing to the n th pass through, we see 
that 

AEth = ju k mg[(n - \)L + d]. 

In this way, we have 

mgh = jU k mg([n-l)L + d} 

which simplifies (when h = L/2 is inserted) to 

d , 1 

— = 1 + n. 

L 2ju k 

The first two terms give 1 + 1/2 ju k = 3.5, so that the requirement 0<d/L<\ demands 
that n = 3. We arrive at the conclusion that d/L = ^ , or 


d = -L = -(40 cm)=20 cm 
2 2 

and that this occurs on its third pass through the flat region. 


64. We will refer to the point where it first encounters the "rough region" as point C (this 
is the point at a height h above the reference levei). From Eq. 8-17, we find the speed it 
has at point C to be 

v c = \lv A 2 - 2gh = V(8.0) 2 - 2(9.8)(2.0) = 4.980 « 5.0 m/s. 

Thus, we see that its kinetic energy right at the beginning of its "rough slide" (heading 
uphill towards E) is 

K c =\ m(4.980 m/s) 2 = 12 Am 

(with SI units understood). Note that we "carry along" the mass (as if it were a known 
quantity); as we will see, it will cancel out, shortly. Using Eq. 8-37 (and Eq. 6-2 with F N 
= mgcosff) and y = d sin 0 , we note that if d < L (the block does not reach point B), this 
kinetic energy will turn entirely into thermal (and potential) energy 

Kq = mgy+fkd => 12.4m = mgdúnO + jUkmgdcos0. 

With jU k = 0.40 and 0= 30°, we find d = 1.49 m, which is greater than L (given in the 
problem as 0.75 m), so our assumption that d < L is incorrect. What is its kinetic energy 
as it reaches point BI The calculation is similar to the above, but with d replaced by L 
and the final v term being the unknown (instead of assumed zero): 

1 2 

2 m v = Kq~ {mgLúnO + jUkmgLcosff) . 
This determines the speed with which it arrives at point B: 


v B - ^jv 2 c - 2gZ(sin 6 + ju k cos 0) 

= 7(4.98 m/s) 2 - 2(9.80 m/s 2 )(0.75 m)(sin 30° + 0.4 cos 30°) = 3.5 m/s. 


65. We observe that the last line of the problem indicates that static friction is not to be 
considered a factor in this problem. The friction force of magnitude / = 4400 N 
mentioned in the problem is kinetic friction and (as mentioned) is constant (and directed 
upward), and the thermal energy change associated with it is Á£\h =fd (Eq. 8-31) where d 
= 3.7 m in part (a) (but will be replaced by x, the spring compression, in part (b)). 

(a) With W = 0 and the reference levei for computing U = mgy set at the top of the 
(relaxed) spring, Eq. 8-33 leads to 


U, =K + AE th =^v = 2d 


V m 


which yields v = 7.4 m/s for m = 1800 kg. 

(b) We again utilize Eq. 8-33 (with W= 0), now relating its kinetic energy at the moment 
it makes contact with the spring to the system energy at the bottom-most point. Using the 
same reference levei for computing U = mgy as we did in part (a), we end up with 
gravitational potential energy equal to mg(—x) at that bottom-most point, where the spring 
(with spring constant k = 1.5 x IO 5 N/m) is fully compressed. 

K = mg(—x) + ^ kx 2 + fx 

where K = ~ mvl = 4.9 x IO 4 J using the speed found in part (a). Using the abbreviation 
£ = mg—f= 1.3 x 10 4 N, the quadratic formula yields 


x = ^^ = 0.90m 

k 

where we have taken the positive root. 

(c) We relate the energy at the bottom-most point to that of the highest point of rebound 
(a distance d' above the relaxed position of the spring). We assume d' > x. We now use 
the bottom-most point as the reference levei for computing gravitational potential energy. 

1 kx 2 

-kx 2 = mgd' + fd' => d' = -j^ r = 2.8m. 

2 2{mg + d) 

(d) The non-conservative force (§8-1) is friction, and the energy term associated with it is 
the one that keeps track of the total distance traveled (whereas the potential energy terms, 
coming as they do from conservative forces, depend on positions — but not on the paths 
that led to them). We assume the elevator comes to final rest at the equilibrium position 
of the spring, with the spring compressed an amount d eq given by 

mg = kd eq ^d eq = rn ^ = 0.12m. 


In this part, we use that final-rest point as the reference levei for computing gravitational 
potential energy, so the original U= mgy becomes mg(d eq + d). In that final position, then, 
the gravitational energy is zero and the spring energy is kd^ q 1 2 . Thus, Eq. 8-33 becomes 

mg(d eq +d) 
(1800) (9.8) (0.12 + 3.7) 

which yields d to uú = 15 m. 


= -(1.5x10 5 )(0.12) 2 +(4400)í/ 


total 


66. (a) Since the speed of the crate of mass m increases from 0 to 1.20 m/s relative to the 
factory ground, the kinetic energy supplied to it is 


K = -mv 2 = -(300kg)(120m/s) 2 =216J. 

(b) The magnitude of the kinetic frictional force is 

f = jU F N = jumg = (0.400)(300kg)(9.8m/s 2 ) = 1.18xl0 3 N. 

(c) Let the distance the crate moved relative to the conveyor belt before it stops slipping 
be d, then from Eq. 2-16 (v = 2ad = 2(f I m)d) we find 

AE th =fd = -mv 2 =K. 


Thus, the total energy that must be supplied by the motor is 

W = K + AE th =2^ = (2)(216J) = 432J. 

(d) The energy supplied by the motor is the work W it does on the system, and must be 
greater than the kinetic energy gained by the crate computed in part (b). This is due to the 
fact that part of the energy supplied by the motor is being used to compensate for the 
energy dissipated AEth while it was slipping. 


67. (a) The assumption is that the slope of the bottom of the slide is horizontal, like the 
ground. A useful analogy is that of the pendulum of length R = 12 m that is pulled 
leftward to an angle 0 (corresponding to being at the top of the slide at height h = 4.0 m) 
and released so that the pendulum swings to the lowest point (zero height) gaining speed 
v= 6.2 m/s. Exactly as we would analyze the trigonometric relations in the pendulum 
problem, we find 

h = R(l- cos0) => 6 = cos 1 


1 

v Rj 


= 48° 


or 0.84 radians. The slide, representing a circular are of length s = Rd, is therefore (12 
m)(0.84) = lOmlong. 

(b) To find the magnitude / of the frictional force, we use Eq. 8-31 (with W= 0): 

0 = AK + AU + AE th 
= ~ mv2 ~ m gh + fs 

so that (with m = 25 kg) we obtain /= 49 N. 

(c) The assumption is no longer that the slope of the bottom of the slide is horizontal, but 
rather that the slope of the top of the slide is vertical (and 12 m to the left of the center of 
curvature). Returning to the pendulum analogy, this corresponds to releasing the 
pendulum from horizontal (at 0\ = 90° measured from vertical) and taking a snapshot of 
its motion a few moments later when it is at angle (h with speed v = 6.2 m/s. The 
difference in height between these two positions is (just as we would figure for the 
pendulum of length R) 

Ah = R (1 - cos0 2 ) - R(l - costf,) = -R cos6> 2 

where we have used the fact that cos 0\ = 0. Thus, with Ah = -4.0 m, we obtain Bi =70.5° 
which means the are subtends an angle of \A0\ = 19.5° or 0.34 radians. Multiplying this 
by the radius gives a slide length of s' = 4. 1 m. 

(d) We again find the magnitude /' of the frictional force by using Eq. 8-31 (with W= 0): 

0 = AK + AU + AE th 
1 2 

= — mv -mgh + fs' 


so that we obtain / ' = 1 .2 x 1 0 2 N. 


68. We use conservation of mechanical energy: the mechanical energy must be the same 
at the top of the swing as it is initially. Newtohs second law is used to find the speed, and 
hence the kinetic energy, at the top. There the tension force T of the string and the force 
of gravity are both downward, toward the center of the circle. We notice that the radius of 
the circle is r = L - d, so the law can be written 


where v is the speed and m is the mass of the bali. When the bali passes the highest point 
with the least possible speed, the tension is zero. Then 


We take the gravitational potential energy of the ball-Earth system to be zero when the 
bali is at the bottom of its swing. Then the initial potential energy is mgL. The initial 
kinetic energy is zero since the bali starts from rest. The final potential energy, at the top 


T+mg = mv 


■ 2 /( L ~d), 


2 




WithZ = 1.20 m, we have d = 0.60(1.20 m) = 0.72 m. 


Notice that if d is greater than this value, so the highest point is lower, then the speed of 
the bali is greater as it reaches that point and the bali passes the point. If d is less, the bali 
cannot go around. Thus the value we found for d is a lower limit. 


69. There is the same potential energy change in both circumstances, so we can equate 
the kinetic energy changes as well: 

AK 2 = AKi => | mvb - | m(4.00 m/s) 2 = | m(2.60 m/s) 2 - \ m(2.00 m/s) 2 

which leads to v B = 4.33 m/s. 


70. (a) To stretch the spring an externai force, equal in magnitude to the force of the 
spring but opposite to its direction, is applied. Since a spring stretched in the positive x 
direction exerts a force in the negative x direction, the applied force must be 
F = 52.8x + 38.4x 2 , in the +x direction. The work it does is 

1.00 

= 31.0J. 

0.50 

(b) The spring does 31.0 J of work and this must be the increase in the kinetic energy of 
the particle. Its speed is then 

Í2K Í2(31.0J) coc . 

v = J = J— - = 5.35 m/s. 

V m \ 2.17kg 7 

(c) The force is conservative since the work it does as the particle goes from any point x\ 
to any other point xi depends only on x\ and xi, not on details of the motion between x\ 
andx2. 


W= |(52.8x + 38.4x 2 )ífe: 


52.8 


i 

-x +- 


38.4 


-x 


0.50 


71. This can be worked entirely by the methods of Chapters 2-6, but we will use energy 
methods in as many steps as possible. 

(a) By a force analysis in the style of Chapter 6, we find the normal force has magnitude 
F N = mg cos # (where 6= 39°) which means fk = jUking cos # where flu = 0.28. Thus, Eq. 
8-31yields 

A£ t h =fk d = /ik mgd cos 0. 

Also, elementary trigonometry leads us to conclude that AU = -mgd sin 6 where 
d = 3.7 m . Since K t = 0, Eq. 8-33 (with W=0) indicates that the final kinetic energy is 

K f - -AU - AE th = mgd (sin 6 - ju k cos 0) 
which leads to the speed at the bottom of the ramp 


v = ^ — — = yj2gd (sin 0-ju k cosO) = 5.5 m/ s 


(b) This speed begins its horizontal motion, where fk = jlk mg and AU = 0. It slides a 
distance ífbefore it stops. According to Eq. 8-31 (with W= 0), 

0 = AK + AU + AE úi 

1 9 

= 0-—mv +0 + jU k mgd' 

= -^(2gd (sind -ju k cos8)) + ju k gd' 

where we have divided by mass and substituted from part (a) in the last step. Therefore, 

df= d(^0- MkC QS0) =5Am 

(c) We see from the algebraic form of the results, above, that the answers do not depend 
on mass. A 90 kg crate should have the same speed at the bottom and sliding distance 
across the floor, to the extent that the friction relations in Ch. 6 are accurate. Interestingly, 
since g does not appear in the relation for d', the sliding distance would seem to be the 
same if the experiment were performed on Mars! 


72. (a) At B the speed is (from Eq. 8-17) 

v = Jvl+lghy = ^(7.0 m/s) 2 + 2(9.8 m/s 2 )(6.0 m) = 13 m/s. 


(a) Here what matters is the difference in heights (between A and Q: 

v = 7v 0 2 + 2g{\ -h 2 )= 7(7.0 m/s) 2 + 2(9.8 m/s 2 )(4.0 m) = 1 1 .29 m/s «11 m/s. 

(c) Using the result from part (b), we see that its kinetic energy right at the beginning of 

1 2 

its "rough slide" (heading horizontally towards D) is ~^ m{\ 1.29 m/s) = 63. 7 m (with SI 

units understood). Note that we "carry along" the mass (as if it were a known quantity); 
as we will see, it will cancel out, shortly. Using Eq. 8-3 1 (and Eq. 6-2 with F N = mg) we 
note that this kinetic energy will turn entirely into thermal energy 

63. 7 m = HkWigd 

if d < L. With |ik= 0.70, we find d = 9.3 m, which is indeed less than L (given in the 
problem as 12 m). We conclude that the block stops before passing out of the "rough" 
region (and thus does not arrive at point D). 


73. (a) By mechanical energy conversation, the kinetic energy as it reaches the floor 
(which we choose to be the U = 0 levei) is the sum of the initial kinetic and potential 
energies: 

K = K t + Ui = \ (2.50 kg)(3.00 m/s) 2 + (2.50 kg)(9.80 m/s 2 )(4.00 m) = 109 J. 

For later use, we note that the speed with which it reaches the ground is 

v = sjlK/m =9.35 m/s. 

(b) When the drop in height is 2.00 m instead of 4.00 m, the kinetic energy is 

K=\ (2.50 kg)(3.00 m/s) 2 + (2.50 kg)(9.80 m/s 2 )(2.00 m) = 60.3 J. 

(c) A simple way to approach this is to imagine the can is launched from the ground at 
t = 0 with speed 9.35 m/s (see above) and ask of its height and speed at t = 0.200 s, 
using Eq. 2-15 and Eq. 2-11: 

y = (9.35 m/s)(0.200 s) - \ (9.80 m/s 2 )(0.200 s) 2 = 1.67 m, 
v = 9.35 m/s - (9.80 m/s 2 )(0.200 s) = 7.39 m/s. 
The kinetic energy is 

K=\ (2.50 kg) (7.39 m/s) 2 = 68.2 J. 

(d) The gravitational potential energy 

U= mgy = (2.5 kg)(9.8 m/s 2 )(1.67 m) = 41.0 J 


74. (a) The initial kinetic energy is K t = |(l.5)(3) 2 = 6.75 J . 

(b) The work of gravity is the negative of its change in potential energy. At the highest 
point, ali of Ki has converted into U (if we neglect air friction) so we conclude the work 
of gravity is -6.75 J. 

(c) And we conclude that AU = 6.75 J . 

(d) The potential energy there is U f = U i + AU = 6.75 J . 

(e) If U f = 0, then U, = U f - AU = -6.75 J . 

(f) Since mgAy = AU , we obtain Aj = 0.459 m. 


75. We note that if the larger mass (block B, ms = 2 kg) falis d = 0.25 m, then the smaller 
mass (blocks A, yha = 1 kg) must increase its height by h-dsin30° . Thus, by 
mechanical energy conservation, the kinetic energy of the system is 


K , 0 x & x=m B gd-m A gh = Z.l J. 


76. (a) At the point of maximum height, where y = 140 m, the vertical component of 
velocity vanishes but the horizontal component remains what it was when it was 
launched (if we neglect air friction). Its kinetic energy at that moment is 

K = ^(0.55kg)v 2 x . 

Also, its potential energy (with the reference levei chosen at the levei of the cliff edge) at 
that moment is U= mgy = 755 J. Thus, by mechanical energy conservation, 

12(1550-755) 

K =K. -U = 1550- 755 =>v =. P '- = 54 m/s. 

* V 0.55 

(b) As mentioned v x = v ix so that the initial kinetic energy 

K= l -m[vlW iy ) 
can be used to find v iy . We obtain v iy = 52 m/s . 

(c) Applying Eq. 2-16 to the vertical direction (with +y upward), we have 

v v 2 = v f y - 2gAy => (65 m/s) 2 = (52 m/s) 2 - 2(9.8 m/s 2 )Ay 

which yields Ay = -76 m . The minus sign tells us it is below its launch point. 


77. The work done by F is the negative of its potential energy change (see Eq. 8-6), so 
U B = U A - 25 = 15 J. 


78. The free-body diagram for the trunk is shown. 



mg sin 6 


The x and y applications of Newtohs second law provide two equations: 

F\ cos 6—fk - mg sin 0 = ma 
Fh—Fi sin 6— mg cos 0 = 0. 

(a) The trunk is moving up the incline at constant velocity, so a = 0. Using/í- = fl k F N , we 
solve for the push-force F\ and obtain 


F 


mg{úri6+ ju k cosO) 
cosO - H k ÚYí6 


The work done by the push-force F 1 as the trunk is pushed through a distance £ up the 
inclined plane is therefore 


W 1 =F l £cos0 = 


(mgl cos 0) (sin 0 + jU k cosô) 


cos 0-jU k sin0 

(50kg)(9.8m/s 2 )(6.0m)(cos30 o )(sin30 o + (0.20)cos30°) 


cos30°-(0.20)sin30 c 


2.2xlO J J. 


(b) The increase in the gravitational potential energy of the trunk is 

AU = mglsm6 = (50kg)(9.8m/s 2 )(6.0m)sin30° = 1.5xl0 3 J. 

Since the speed (and, therefore, the kinetic energy) of the trunk is unchanged, Eq. 8-33 
leads to 

Thus, using more precise numbers than are shown above, the increase in thermal energy 
(generated by the kinetic friction) is 2.24 x IO 3 J - 1.47 x 10 3 J = 7.7 x IO 2 J. An alternate 
way to this result is to use AE th = f k i (Eq. 8-31). 


79. The initial height of the 2M block, shown in Fig. 8-64, is the y = 0 levei in our 
computations of its value of U g . As that block drops, the spring stretches accordingly. 
Also, the kinetic energy K sys is evaluated for the system — that is, for a total moving mass 
of3M 

(a) The conservation of energy, Eq. 8-17, leads to 

Ki + Ui = K sys + U sys => 0 + 0 = K sys + (2M)g(-0.090) + \ ^(0.090) 2 . 
Thus, with M= 2.0 kg, we obtain K sys = 2.7 J. 

(b) The kinetic energy of the 2M block represents a fraction of the total kinetic energy: 

K 2M (2M)v 2 /2 2 


^2M _ 

r 

^sys 


K (3M)v 2 /2 3 


Therefore, K 2M = §(2.7 J) = 1.8 J. 
(c) Here we let y = -d and solve for d. 

Ki + Ui = K sys + U sys => 0 + 0 = 0 + (2M)g(-d) + \ kd 2 


Thus, with M= 2.0 kg, we obtain d = 0.39 m. 


80. Sample Problem 8-3 illustrates simple energy conservation in a similar situation, and 
derives the frequently encountered relationship: v = y]2gh. In our present problem, the 

height is related to the distance (on the #=10° slope) d = 920 m by the trigonometric 
relation h = d sin#. Thus, 


v = ^2(9.8 m/s 2 )(920 m)sinl0° = 56 m/s. 


8 1 . Eq. 8-33 gives mgy f = K i + mgy í - AE th , or 

(0.50 kg)(9.8 m/s 2 )(0.80 m) = \ (0.50 kg)(4.00 li? + (0.50 kg)(9.8 m/s 2 )(0) - AE th 
which yields AE th = 4.00 J - 3.92 J = 0.080 J. 


82. (a) The loss of the initial K= ^ mv 2 = ^ (70 kg)(10 m/s) 2 is 3500 J, or 3.5 kJ. 
(b) This is dissipated as thermal energy; AEth = 3500 J = 3.5 kJ. 


83. The initial height shown in the figure is the y = 0 levei in our computations of U g , and 
in parts (a) and (b) the heights are_y a =(0.80 m)sin 40°= 0.51 m andy h = (1.00 m) sin 40° 
= 0.64 m, respectively. 

(a) The conservation of energy, Eq. 8-17, leads to 

Ki + Ui=K a + U a => 16 J + 0 = K a + mgy a + ^(0.20 m) 2 

from which we obtain K a = (16 - 5.0 - 4.0) J = 7.0 J. 

(b) Again we use the conservation of energy 
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Ki + Ui = K h + U h ^ + 0 = 0 + mgy h + ^ m) 2 

from which we obtain K t = 6.0 J + 16 J = 22 J. 


84. (a) Eq. 8-9 gives U= (3.2 kg)(9.8 m/s 2 )(3.0 m) = 94 J. 

(b) The mechanical energy is conserved, so K = 94 J. 

(c) The speed (from solving Eq. 7-1) is v=^2(94 J)/(32kg) = 7.7 m/s. 


85. (a) Resolving the gravitational force into components and applying Newton' s second 
law (as well as Eq. 6-2), we find 

^machine - mgúnO - /4mgcos<9= ma. 

In the situation described in the problem, we have a = 0, so 

^machine = mgún0+ ju k mgcos0= 372 N. 

Thus, the work done by the machine is F mac hme^ = 744 J = 7.4 x 10 J. 

(b) The thermal energy generated is jUkmgcosOd = 240 J = 2.4 x IO 2 J. 


86. We use P = Fv to compute the force: 


92xl0 6 W 


(32.5 knot) 


1.852 


km/hV 1000 m/km A 


= 5.5xl0 6 N. 


knot 


3600 s/h 


87. Since the speed is constant AK = 0 and Eq. 8-33 (an application of the energy 
conservation concept) implies 


Applied - A^th - ^th(cube) + ^th(floor) ■ 

Thus, if fFappiied = (15 N)(3.0 m) = 45 J, and we are told that AZsth(cube) = 20 J, then we 
conclude that AE th (fl oor ) = 25 J. 


88. (a) We take the gravitational potential energy of the skier-Earth system to be zero 
when the skier is at the bottom of the peaks. The initial potential energy is £/,- = mgH, 
where m is the mass of the skier, and H is the height of the higher peak. The final 
potential energy is Uf = mgh, where h is the height of the lower peak. The skier initially 

1 2 

has a kinetic energy of Kj = 0, and the final kinetic energy is K f = —mv , where v is the 

speed of the skier at the top of the lower peak. The normal force of the slope on the skier 
does no work and friction is negligible, so mechanical energy is conserved: 


(b) We recall from analyzing objects sliding down inclined planes that the normal force 
of the slope on the skier is given by F N = mg cos 0, where 0 is the angle of the slope from 
the horizontal, 30° for each of the slopes shown. The magnitude of the force of friction is 
given by /= /& F N = /iting cos 0. The thermal energy generated by the force of friction is 
fd = jUktngd cos 0, where d is the total distance along the path. Since the skier gets to the 
top of the lower peak with no kinetic energy, the increase in thermal energy is equal to 
the decrease in potential energy. That is, /ikingd cos 0= mg(H- h). Consequently, 


1 2 

Ui+K^Uf+Kj => mgH = mgh +—mv 


Thus, 



H-h ^ (850 m-750 m) 


= 0.036. 


dcos0 (3.2x10' m) cos 30° 


89. To swim at constant velocity the swimmer must push back against the water with a 
force of 1 10 N. Relative to him the water is going at 0.22 m/s toward his rear, in the same 
direction as his force. Using Eq. 7-48, his power output is obtained: 


p = F-v = Fv = (llON)(0.22m/s) = 24W. 


90. The initial kinetic energy of the automobile of mass m moving at speed v, is 
1 

K t = -mvf , where m = 16400/9.8 = 1673 kg. Using Eq. 8-31 and Eq. 8-33, this relates to 

the effect of friction force / in stopping the auto over a distance d by K. = fd , where the 
road is assumed levei (so AU= 0). With 

v,. =(113 km/h) = (113 km/h)(1000 m/km)(l h/3600 s)= 31.4 m/s, 

we obtain 

K t mvf (1673 kg)(31.4 m/s) 2 

d = — = — - = ^ = 100m. 

/ 2f 2(8230N) 


91. With the potential energy reference levei set at the point of throwing, we have (with 
SI units understood) 


1 , f,_w^ 


AE = mgh mv 2 0 =m (9.8) (8.1) — (14) 

2 \ 2 


which yields AE = -12 J for m = 0.63 kg. This "loss" of mechanical energy is presumably 
due to air friction. 


92. (a) The (internai) energy the climber must convert to gravitational potential energy is 

AU = mgh = (90 kg)(9.80 m/s 2 )(8850 m) = 7.8xl0 6 J. 
(b) The number of candy bars this corresponds to is 


93. (a) The acceleration of the sprinter is (using Eq. 2-15) 


a - 


2Áx _ (2)(7.0m) 
(l.6s) 2 


= 5.47 m/s 2 


Consequently, the speed at t = 1 .6s is v = at = (5.47 m/s 2 ) (1.6 s) = 8.8 m/s . Alternatively, 
Eq. 2-17 could be used. 

(b) The kinetic energy of the sprinter (of weight w and mass m = w/g) is 


v 1 2 1 
K = — mv = — 

2 2 


= -(670 N/(9.8 m/s 2 ))(8.8 m/s) 2 = 2.6xl0 3 J. 


(c) The average power is 


AK = 2.6X10-J tf 
*" Aí 1.6 s 


94. We note that in one second, the block slides d = 1.34 m up the incline, which means 
its height increase is h = d sin #where 


0 = tan 1 


v40y 


= 37 c 


We also note that the force of kinetic friction in this inclined plane problem is 
f k = ju k mg cos 0 , where /& = 0.40 and m = 1400 kg. Thus, using Eq. 8-31 and Eq. 8-33, 
we find 

W = mgh + f k d = mgd [sm0 + jU k cos0) 

or W= 1.69 x 10 4 J for this one-second interval. Thus, the power associated with this is 

p= 1.69xl0 4 J =169xlQ 4 WasL7xl0 4 w 
1 s 


95. (a) The initial kinetic energy is K t = (1 .5 kg)(20 m/s) 2 / 2 = 300 J. 


(b) At the point of maximum height, the vertical component of velocity vanishes but the 
horizontal component remains what it was when it was "shot" (if we neglect air friction). 
Its kinetic energy at that moment is 

K = ^(l.5 kg)[(20 m/s) cos 34 o ] 2 =206 J. 

Thus, AU=Ki-K=300 J-206 J = 93.8 J. 

(c) Since Á U= mg A y, we obtain 

94 J 

Ay = — ^ = 6.38 m. 

(1.5kg)(9.8m/s 2 ) 


96. From Eq. 8-6, we find (with SI units understood) 

U{Ç) = -\l(-3x-5x>)d X = \? 

(a) Using the above formula, we obtain U{2) ~ 19 J. 

(b) When its speed is v = 4 m/s, its mechanical energy is \mv 1 + Í7(5) . This must equal 
the energy at the origin: 

|mv 2 + U(5) = l -mvl + U(0) 
so that the speed at the origin is 

v o =^ + l(£/(5)-t/(0)). 

Thus, with (7(5) = 246 J, U(0) = 0 and m = 20 kg, we obtain v G = 6.4 m/s. 

(c) Our original formula for U is changed to 

L/(x) = -8 + fx 2 +fx 3 

in this case. Therefore, U(2) = 1 1 J. But we still have v G = 6.4 m/s since that calculation 
only depended on the difference of potential energy values (specifically, Í7(5) - U(0)). 


97. Eq. 8-8 leads directly to Ay = ( 9-4 kg)^ m/s 2 ) = 738 m> 


98. Since the period Tis (2.5 rev/s) 1 = 0.40 s, then Eq. 4-33 leads to v = 3.14 m/s. The 
frictional force has magnitude (using Eq. 6-2) 

/= jU k F N = (0.320)(180 N) = 57.6 N. 

The power dissipated by the friction must equal that supplied by the motor, so Eq. 7-48 
gives/> = (57.6N)(3.14m/s)= 181 W. 


99. (a) In the initial situation, the elongation was (using Eq. 8-11) 

Xi = V2(1.44)/3200 = 0.030 m(or 3.0 cm). 

In the next situation, the elongation is only 2.0 cm (or 0.020 m), so we now have less 
stored energy (relative to what we had initially). Specifically, 

AU= \ (3200 N/m)(0.020 m) 2 - 1.44 J = -0.80 J. 

(b) The elastic stored energy for \x\ = 0.020 m, does not depend on whether this 
represents a stretch or a compression. The answer is the same as in part (a), AU = -0.80 J. 

(c) Now we have |jc| = 0.040 m which is greater than x { , so this represents an increase in 
the potential energy (relative to what we had initially). Specifically, 


AU= 2 (3200 N/m)(0.040m) 2 - 1.44 J = +1.12 J «1.1 J. 


100. (a) At the highest point, the velocity v = v x is purely horizontal and is equal to the 
horizontal component of the launch velocity (see section 4-6): v ox = v Q cos#, where 
# = 30° in this problem. Eq. 8-17 relates the kinetic energy at the highest point to the 
launch kinetic energy: 

K 0 = mgy + ^ mv 2 = ^ mv ox 2 + ^ mv oy 2 . 

withj = 1.83 m. Since the mv ox 12 term on the left-hand side cancels the mv 12 term on 
the right-hand side, this yields v oy = ^2gy ~ 6 m/s. With v oy = v 0 sin#, we obtain 

v G = 11.98 m/s= 12 m/s. 

(b) Energy conservation (including now the energy stored elastically in the spring, Eq. 
8-11) also applies to the motion along the muzzle (through a distance d which 
corresponds to a vertical height increase of dsinô): 

1 2 

7Z kd =K 0 + mgdúnO => <i = 0.1 1 m. 


101. (a) We implement Eq. 8-37 as 

Kf = Ki + mgyi -f k d=0 + (60 kg)(9.8 m/s 2 )(4.0 m) - 0 = 2.35 x 10 3 J. 
(b) Now it applies with a nonzero thermal term: 

K f = Ki + mgyi -f k d=0 + (60 kg)(9.8 m/s 2 )(4.0 m) - (500 N)(4.0 m) = 352 J. 


102. (a) We assume his mass is between m\ = 50 kg and mi = 70 kg (corresponding to a 
weight between 110 lb and 154 lb). His increase in gravitational potential energy is 
therefore in the range 

m x gh<AU <m 2 gh => 2xl0 5 < AU < 3xl0 5 

in SI units (J), where h = 443 m. 

(b) The problem only asks for the amount of internai energy which converts into 
gravitational potential energy, so this result is the same as in part (a). But if we were to 
consider his total internai energy "output" (much of which converts to heat) we can 
expect that externai climb is quite different from taking the stairs. 


103. We use SI units som = 0.030 kg and d= 0.12 m. 

(a) Since there is no change in height (and we assume no changes in elastic potential 
energy), then AU = 0 and we have 

A£ medi =A^ = -imv 0 2 =-3.8xl0 3 J. 
where v 0 = 500 m/s and the final speed is zero. 

(b) By Eq. 8-33 (with W= 0) we have AE th = 3.8 x 10 3 J, which implies 

AF 

f = ^È, = 3.1xl0 4 N 
J d 

using Eq. 8-3 1 with ft replaced by / (effectively generalizing that equation to include a 
greater variety of dissipative forces than just those obeying Eq. 6-2). 


104. We work this in SI units and convert to horsepower in the last step. Thus, 


v = (80 km/h) 


f 1000 m/km A 
3600 s/h 


= 22.2 m/s. 


The force F P needed to propel the car (of weight w and mass m = w/g) is found from 
Newton's second law: 


F rxA = F p -F = ma = 


wa 


g 


where F = 300 + 1 .8v in SI units. Therefore, the power required is 

f (12000)(0.92) A 


P = F p -v 


F + — 


300 + 1.8(22.2) +- 


9.8 


(22.2) = 5.14xl0 4 W 


= Í5.14xl0 4 W) í^-l = 69hp 
; 1 746 W 


105. (a) With P = 1.5 MW = 1.5 x IO 6 W (assumed constant) and t = 6.0 min = 360 s, the 
work-kinetic energy theorem becomes 

W=Pt = AK = ^m(v 2 f -vf). 

The mass of the locomotive is then 

2Pt (2) (1.5 x IO 6 W) (360 s) 


m ■ 


Vj-vf (25 m/s) -(10 m/s) 


= 2.1xl0 6 kg. 


(b) With t arbitrary, we use Pt = -^m(y 2 - vf) to solve for the speed v = v(t) as a 


function of time and obtain 


, x | , 2Pí L ,2 (2)(l.5xl0 6 > . 

v í = Jvf + — = J 10 2 + ^ = VlOO + lií 

w V m V ' 2.1xl0 6 


in SI units (v in m/s and t in s). 

(c) The force F(t) as a function of time is 

F(t)= ' 


1.5x10 


v(í) Viõõ+IBT 


in SI units (F in N and t in s). 

(d) The distance d the train moved is given by 


Í100+-Í 

1/2 

4 

r 3 ^ 


Jí = 


100 + -Í 

l 2 j 


9 

v 2 J 


3/2 


360 


= 6.7xl0 3 m. 


106. We take the bottom of the incline to be the y = 0 reference levei. The incline angle is 
0 - 30° . The distance along the incline d (measured from the bottom) is related to height 
y by the relation y = d sin 0. 

(a) Using the conservation of energy, we have 

K 0 + U 0 = K tov + U top => -mvl + 0 = 0 + mgy 

withv 0 =5.0 m/s. This yields y = 1.3 m, from which we obtain d = 2.6 m. 

(b) An analysis of forces in the manner of Chapter 6 reveals that the magnitude of the 
friction force isfk = ju^ng cos 0. Now, we write Eq. 8-33 as 

K 0 + U 0 = K top +U tov +f k d 

1 

-mv 0 +0 = 0 + mgy + f k d 
1 2 

— mv Q = mgd sin#+ jU k mgd cos0 
which — upon canceling the mass and rearranging — provides the result for d: 

2 

d = — -. ^ r = 1.5 m . 

2g(ju k cos^+sin^j 

(c) The thermal energy generated by friction is fyd = jUktngd cos 0= 26 J. 

(d) The slide back down, from the height y =1.5 sin 30 is also described by Eq. 8-33. 
With AZi th again equal to 26 J, we have 
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^to P + ^to P = ^bot + ^bot + f k d => 0+ mgy = -mv 2 hot + 0 + 26 


from which we find v bot = 2.1 m/s . 


107. (a) The effect of a (sliding) friction is described in terms of energy dissipated as 
shown in Eq. 8-3 1 . We have 


AE = K + ^k(0.0S) 2 - 1^(0.1 0) 2 = -f k (0.02) 

where distances are in meters and energies are in Joules. With k = 4000 N/m and 
f k = 80 N, we obtain K = 5.6 J. 

(b) In this case, we have d = 0. 10 m. Thus, 

AE = K + 0-^k(0.10) 2 =-f k (0.1 0) 

which leads to K= 12 J. 

(c) We can approach this two ways. One way is to examine the dependence of energy on 
the variable d: 

AE = K + h(d 0 -df-^kd 2 0 = -f k d 
where do = 0.10 m, and solving for K as a function of d: 

K = -hd 2 +(kd 0 )d-f k d. 

dK 

In this first approach, we could work through the — = 0 condition (or with the special 

dd 

1 2 

capabilities of a graphing calculator) to obtain the answer = — (kd 0 — f k ) ■ In the 

2^ 

second (and perhaps easier) approach, we note that K is maximum where v is 
maximum — which is where a = 0 => equilibrium of forces. Thus, the second approach 
simply solves for the equilibrium position 

ftdj = /*=>** = 80. 

Thus, with k = 4000 N/m we obtain x = 0.02 m. But x = do - d so this corresponds to d = 
0.08 m. Then the methods of part (a) lead to the answer K max = 12.8 J ~ 13 J. 


108. We assume his initial kinetic energy (when he jumps) is negligible. Then, his initial 
gravitational potential energy measured relative to where he momentarily stops is what 
becomes the elastic potential energy of the stretched net (neglecting air friction). Thus, 

where h = 11.0 m+ 1.5 m= 12.5 m. With m = 70 kg, we obtain U net = 8580 J =8.6 x IO 3 
J. 


109. The connection between angle #(measured from vertical) and height h (measured 
from the lowest point, which is our choice of reference position in computing the 
gravitational potential energy mgh) is given by h = L(l - cos 0) where L is the length of 
the pendulum. 

(a) Using this formula (or simply using intuition) we see the initial height is h\ = 2L, and 
of course hi = 0. We use energy conservation in the form of Eq. 8-17. 

K l + U l =K 2 +U 2 

1 9 

0 + mg(2L) = -mv 2 +0 


This leads to v = 2 JgL . With L = 0.62 m, we have 


v = 2^(9.8 m/s 2 )(0.62 m) = 4.9 m/s 


(b) The bali is in circular motion with the center of the circle above it, so a = v 2 1 r 
upward, where r = L. Newtohs second law leads to 

v 2 ( AgL\ 
T - mg = m — => T = m g-\ = 5 mg. 


r 


L 


With m = 0.092 kg, the tension is given by T= 4.5 N. 


(c) The pendulum is now started (with zero speed) at 6. = 90° (that is, hi = L), and we 

look for an angle 0 such that T = mg. When the bali is moving through a point at angle 0, 
then Newtohs second law applied to the axis along the rod yields 

2 

V 

T-mgcos0 = m — 
r 

which (since r = L) implies v = gL(\ - cos 0) at the position we are looking for. Energy 
conservation leads to 

K i +U i = K+U 
1 2 

0 + mgL = —mv +mgL (l-cos0) 

g L = ^(gL(l-cos0)) + gL(l- cos 0) 
where we have divided by mass in the last step. Simplifying, we obtain 


0 = cos 


= 71°. 


(d) Since the angle found in (c) is independent of the mass, the result remains the same if 
the mass of the bali is changed. 


110. We take her original elevation to be the y = 0 reference levei and observe that the 
top of the hill must consequently have y A = R(l - cos 20°) = 1.2 m, where R is the radius 
of the hill. The mass of the skier is 600/9.8 = 61 kg. 

(a) Applying energy conservation, Eq. 8-17, we have 

K B +U B =K A +U A =>K B +0 = K A + mgy A . 

Using K B = y(61kg)(8.0m/s) 2 , we obtain K A = 1.2 x 10 3 J. Thus, we find the speed at 
the hilltop is 

v = ^IK/m = 6.4 m/s . 


Note: one might wish to check that the skier stays in contact with the hill — which is 

2 2 

indeed the case, here. For instance, at A we find v Ir ~ 2 m/s which is considerably less 
than g. 

(b) With K A = 0, we have 

K B + U B = K A + U A ^> K B + 0 = 0 + mgy A 

which yields K B = 724 J, and the corresponding speed is v = ^2K/m - 4.9 m/s. 

(c) Expressed in terms of mass, we have 

K B + U B =K A + U A => 

1 2 1 2 

-mv B + mgy B = -mv A + mgy A . 


Thus, the mass m cancels, and we observe that solving for speed does not depend on the 
value of mass (or weight). 


111. (a) At the top of its flight, the vertical component of the velocity vanishes, and the 
horizontal component (neglecting air friction) is the same as it was when it was thrown. 
Thus, 

^top =\™ 2 X =|(0.050kg)((8.0m/s)cos30°) 2 = 1.2 J. 

(b) We choose the point 3.0 m below the window as the reference levei for computing the 
potential energy. Thus, equating the mechanical energy when it was thrown to when it is 
at this reference levei, we have (with SI units understood) 

mgy 0 + K o = K 
m(9.8)(3.0) + ^-m(8.0) 2 =|mv 2 

which yields (after canceling m and simplifying) v = 1 1 m/s. 

(c) As mentioned, m cancels — and is therefore not relevant to that computation. 

(d) The v in the kinetic energy formula is the magnitude of the velocity vector; it does not 
depend on the direction. 


1 12. (a) The rate of change of the gravitational potential energy is 


= mg J- = - mg \ v \ = -(68) (9.8) (59) = -3.9 x IO 4 J/s. 

dt dt 

Thus, the gravitational energy is being reduced at the rate of 3.9 x IO 4 W. 

(b) Since the velocity is constant, the rate of change of the kinetic energy is zero. Thus 
the rate at which the mechanical energy is being dissipated is the same as that of the 
gravitational potential energy (3.9 x IO 4 W). 


113. The water has gained 


AK= 2 (10kg)(13 m/s) 2 - ^ (10 kg)(3.2 m/s) 2 = 794 J 

of kinetic energy, and it has lost AU= (10 kg)(9.8 m/s 2 )(15 m) = 1470 J . 

of potential energy (the lack of agreement between these two values is presumably due to 
transfer of energy into thermal forms). The ratio of these values is 0.54 = 54%. The 
mass of the water cancels when we take the ratio, so that the assumption (stated at the end 
of the problem: m = 10 kg) is not needed for the final result. 


1 14. (a) The integral (see Eq. 8-6, where the value of U at x = °° is required to vanish) is 
straightforward. The result is U(x) = -Gm\milx. 

(b) One approach is to use Eq. 8-5, which means that we are effectively doing the integral 
of part (a) ali over again. Another approach is to use our result from part (a) (and thus 
use Eq. 8-1). Either way, we arrive at 


W= 


G m\ m,2 G m\ m,2 
x\ x\+ d 


Gm\m2d 
x\{x\ + d) ' 


1 15. (a) During one second, the decrease in potential energy is 

-At/ = mg(-Ay) = (5.5xl0 6 kg) (9.8m/s 2 ) (50 m) = 2.7 x IO 9 J 


where +y is upward and Ay = yj—yu 

(b) The information relating mass to volume is not needed in the computation. By Eq. 
8-40 (and the SI relation W = J/s), the result follows: 

P = (2.7 x IO 9 J)/(l s) = 2.7 x IO 9 W. 

(c) One year is equivalent to 24 x 365.25 = 8766 h which we write as 8.77 kh. Thus, the 
energy supply rate multiplied by the cost and by the time is 


(2.7xl0 9 W)(8.77kh) 


f 1 cent A 
1 kWh 


= 2.4X10 cents = $2.4 x 10 


1 16. (a) The kinetic energy K of the automobile of mass m at t = 30 s is 


K = ^mv 2 =|(l500kg) (72km/h) 


f 1000 m/km V 


3600 s/h 


= 3.0xl0 5 J. 


J) 


(b) The average power required is 


AjT = Mxl0>J ^ 

g Aí 30 S 


(c) Since the acceleration a is constant, the power is P = Fv = mav = ma(at) = ma t using 

.2 

which becomes 


Eq. 2-11. By contrast, from part (b), the average power is P ãVf , = 
1 


_ mv 


-ma t when v = at is again utilized. Thus, the instantaneous power at the end of the 


interval is twice the average power during it: P = 2P avg = (2)(l.0x IO 4 W) = 2.0 x IO 4 W. 


117. (a) The remark in the problem statement that the forces can be associated with 
potential energies is illustrated as follows: the work from x = 3.00 m to x = 2.00 m is 

W = F 2 Ax =(5.00 NX-1.00 m) = -5.00 J, 

so the potential energy atx = 2.00 m is U 2 = +5.00 J. 

(b) Now, it is evident from the problem statement that E max = 14.0 J, so the kinetic energy 
atx = 2.00 m is 

K 2 = £ max -U 2 = 14.0 - 5.00 = 9.00 J. 

(c) The work from x = 2.00 m to x = 0 is W = F x Ax =(3.00 N)(-2.00 m) = -6.00 J, so the 
potential energy at x = 0 is 

U 0 = 6.00 J+ U 2 = (6.00 + 5.00) J= 11.0 J. 

(d) Similar reasoning to that presented in part (a) then gives 

£o = £max- U 0 = (14.0- 11.0) J= 3.00 J. 

(e) The work from x = 8.00 m to jc = 1 1.0 m is W= F 3 Ax =(-4.00 N)(3.00 m) = -12.0 J, 
so the potential energy atx = 1 1.0 m is t/n = 12.0 J. 

(f) The kinetic energy at x = 1 1 .0 m is therefore 

K n = E max - t/n = (14.0 - 12.0) J = 2.00 J. 

(g) Now we have W = F 4 Ax =(-1.00 N)(1.00 m) = -1.00 J, so the potential energy at 
x - 12.0 m is 

t/12 = 1.00 J+ t/n = (1.00+ 12.0) J = 13.0 J. 

(h) Thus, the kinetic energy atx = 12.0 m is 

K12 = £max-t/l 2 = (14.0 -13.0) =1.00 J. 

(i) There is no work done in this interval (fromx = 12.0 m to x = 13.0 m) so the answers 
are the same as in part (g): U\ 2 = 13.0 J. 

(j) There is no work done in this interval (fromx = 12.0 mtox= 13.0 m) so the answers 
are the same as in part (h): K\ 2 = 1 .00 J. 

(k) Although the plot is not shown here, it would look like a "potential well" with 
piecewise-sloping sides: from x = 0 to x = 2 (SI units understood) the graph if U is a 
decreasing line segment from 1 1 to 5, and fromx = 2 to x = 3, it then heads down to zero, 
where it stays until x = 8, where it starts increasing to a value of 12 (atx = 1 1), and then 
in another positive-slope line segment it increases to a value of 13 (at x = 12). For 
x > 12 its value does not change (this is the "top of the well"). 


(1) The particle can be thought of as "falling" down the 0 < x < 3 slopes of the well, 
gaining kinetic energy as it does so, and certainly is able to reach x = 5. Since U = 0 at x 
= 5, then it's initial potential energy (1 1 J) has completely converted to kinetic: now K = 
11.0 J. 

(m) This is not sufficient to climb up and out of the well on the large x side (x > 8), but 
does allow it to reach a "height" of 1 1 at x = 10.8 m. As discussed in section 8-5, this is 
a "turning point" of the motion. 

(n) Next it "falis" back down and rises back up the small x slopes until it comes back to 
its original position. Stating this more carefully, when it is (momentarily) stopped at x = 

10.8 m it is accelerated to the left by the force F 3 ; it gains enough speed as a result that it 

eventually is able to return to x = 0, where it stops again. 


1 18. (a) At x = 5.00 m the potential energy is zero, and the kinetic energy is 
K= \ mv = \ (2.00 kg)(3. 45 m/s) 2 = 11.9 J. 

The total energy, therefore, is great enough to reach the point x = 0 where U = 1 1 .0 J, 
with a little "left over" (1 1 .9 J - 1 1 .0 J = 0.9025 J). This is the kinetic energy at x = 0, 
which means the speed there is 

v = ^2(0.9025 J)/(2 kg) = 0.950 m/s. 

It has now come to a stop, therefore, so it has not encountered a turning point. 

(b) The total energy (11.9 J) is equal to the potential energy (in the scenario where it is 
initially moving rightward) at x = 10.9756 = 11.0 m. This point may be found by 
interpolation or simply by using the work-kinetic-energy theorem: 

K f =Ki + W=0 1 1.9025 + (-4)d = 0 d = 2.9756 - 2.98 

(which when added to x = 8.00 [the point where F 3 begins to act] gives the correct result). 
This provides a turning point for the particle's motion. 


1 19. (a) During the final d = 12 m of motion, we use 

K l +U l =K 2 +U 2 +f k d 
|mv 2 +0 = 0 + 0 + f k d 

where v = 4.2 m/s. This gives fk = 0.31 N. Therefore, the thermal energy change is 

./:// = 3.7J. 

(b) Using/i = 0.31 N we obtain fkd ioia \ = 4.3 J for the thermal energy generated by friction; 
here, í/ to tai = 14 m. 

(c) During the initial d' = 2 m of motion, we have 

K 0 + U 0 + W ãpp =K 1 + U l+ f k d'^0 + 0 + W^=^mv 2 +0 + f k d' 

which essentially combines Eq. 8-31 and Eq. 8-33. This leads to the result W app = 4.3 J, 
and — reasonably enough — is the same as our answer in part (b). 


120. (a) The table shows that the force is +(3.0 N)i while the displacement is in the +x 

direction ( d = +(3.0 m)i ), and it is -(3.0 N)i while the displacement is in the -x 
direction. Using Eq. 7-8 for each part of the trip, and adding the results, we find the 
work done is 18 J. This is not a conservative force field; if it had been, then the net work 
done would have been zero (since it returned to where it started). 

(b) This, however, is a conservative force field, as can be easily verified by calculating 
that the net work done here is zero. 

(c) The two integrations that need to be performed are each of the form / 2x dx so that 
we are adding two equivalent terms, where each equals x 2 (evaluated at x = 4, minus its 

2 2 

value atx = 1). Thus, the work done is 2(4 - 1 ) = 30 J. 

(d) This is another conservative force field, as can be easily verified by calculating that 
the net work done here is zero. 


(e) The forces in (b) and (d) are conservative. 


121. We use Eq. 8-20. 


(a) The force at x = 2.0 m is 



-(17.5 J)-(-2.8 J) 


4.0 m-1.0 m 


= 4.9N. 


(b) The force points in the +x direction (but there is some uncertainty in reading the graph 
which makes the last digit not very significant). 

(c) The total mechanical energy atx = 2.0 m is 


in SI units (Joules). Again, there is some uncertainty in reading the graph which makes 
the last digit not very significant. At that levei (-5.5 J) on the graph, we find two points 
where the potential energy curve has that value — at x ~ 1 .5 m and x ~ 13.5 m. Therefore, 
the particle remains in the region 1.5 <x < 13.5 m. The left boundary is atx = 1.5 m. 

(d) From the above results, the right boundary is atx = 13.5 m. 

(e) At x = 7.0 m, we read U ~ -17.5 J. Thus, if its total energy (calculated in the previous 
part) is E ~ -5.5 J, then we find 


where there is certainly room for disagreement on that last digit for the reasons cited 
above. 


E = -mv 2 +U~ -(2.0)(-1.5) 2 - 7.7 = -5.5 



122. The connection between angle #(measured from vertical) and height h (measured 
from the lowest point, which is our choice of reference position in computing the 
gravitational potential energy) is given by h = L(l - cos 0) where L is the length of the 
pendulum. 

(a) We use energy conservation in the form of Eq. 8-17. 

K X + U X =K 2 + U 2 
0 + mgL (l- cos 0 X ) = -^mv 2 2 + mgL (l- cos & 2 ) 

With L = 1 .4 m, 9x = 30°, and 02 = 20°, we have 


v 2 = ^2gL{cos0 2 -cos0 x ) = 1.4 m/s . 


(b) The maximum speed v 3 is at the lowest point. Our formula for h gives /?3 = 0 when é% 
= 0 o , as expected. From 

0 + mgl(l-cos^ 1 ) = ^-mv 3 2 +0 

we obtainv 3 = 1.9 m/s . 

(c) We look for an angle 04 such that the speed there is v 4 = v 3 /3 . To be as accurate as 
possible, we proceed algebraically (substituting v] =2gZ(l-cos#j) at the appropriate 
place) and plug numbers in at the end. Energy conservation leads to 

K l + U l =K 4 +U 4 
0 + mg£(l-cos#j) = ~ mv 4 +mgL(l-cos0 4 ) 

mgZ(l-cos^j) = -^m^- + mgL(l-cos0 4 ) 

l 2gZ(l-cos^) 
-gL cosv l = gL cos 0 4 


where in the last step we have subtracted out mgL and then divided by m. Thus, we obtain 


0, = cos 


1 8 


+ — cos#, 
v 9 9 


= 28.2° = 28°. 


123. Converting to SI units, v 0 =8.3m/s and v = 11.1 m/s. The incline angle is 
# = 5.0° . The height difference between the car's highest and lowest points is (50 m) sin 
6= 4.4 m. We take the lowest point (the car's final reported location) to correspond to the 
y = 0 reference levei. 

(a) Using Eq. 8-31 and Eq. 8-33, we find 

f k d = -AK-AU => f k d = ^m(v 2 0 -v 2 ) + mgy 0 . 

Therefore, the mechanical energy reduction (due to friction) is f k d= 2.4 x 10 4 J. 

(b) With d = 50 m, we solve for f k and obtain 4.7 x IO 2 N. 


124. Equating the mechanical energy at his initial position (as he emerges from the cânon, 
where we set the reference levei for computing potential energy) to his energy as he lands, 
we obtain 

K i =K f+ U f 
|(60kg)(l6m/s) 2 =Kj + (60 kg) (9.8 m/s 2 ) (3.9 m) 

which leads to K f = 5.4 x 10 3 J. 


125. (a) The compression is "spring-like" so the maximum force relates to the distance x 
by Hooke's law: 

F=kx^>x = 750 = 0.0030m. 
2.5 x IO 5 

(b) The work is what produces the "spring-like" potential energy associated with the 
compression. Thus, using Eq. 8-11, 

W = ^kx 2 =^(2.5xl0 5 )(0.0030) 2 =1.1J. 

(c) By Newtohs third law, the force F exerted by the tooth is equal and opposite to the 
"spring-like" force exerted by the licorice, so the graph of F is a straight line of slope k. 
We plot F (in newtons) versus x (in millimeters); both are taken as positive. 


F 



x 


2 3 


(d) As mentioned in part (b), the spring potential energy expression is relevant. Now, 
whether or not we can ignore dissipative processes is a deeper question. In other words, it 

seems unlikely that — if the tooth at any moment were to reverse its motion — that the 

1 , 

licorice could "spring back" to its original shape. Still, to the extent that U = —kx 

applies, the graph is a parábola (not shown here) which has its vertex at the origin and is 
either concave upward or concave downward depending on how one wishes to define the 
sign of F (the connection being F = -dUldx). 

(e) As a crude estimate, the area under the curve is roughly half the area of the entire 
plotting-area (8000 N by 12 mm). This leads to an approximate work of 

- (8000 N) (0.012 m) « 50 J. Estimates in the range 40 < W< 50 J are acceptable. 


(f) Certainly dissipative effects dominate this process, and we cannot assign it a 
meaningful potential energy. 


126. (a) This part is essentially a free-fall problem, which can be easily done with 
Chapter 2 methods. Instead, choosing energy methods, we take y = 0 to be the ground 
levei. 

1 9 

Kj+U^K + U^ 0 + mgy, = -mv 2 + 0 
Therefore v = y j2gy i = 9.2 m/ s , where y, = 4.3 m. 

(b) Eq. 8-29 provides AE tb =f k d for thermal energy generated by the kinetic friction force. 
Weapply Eq. 8-31: 

K i +U i =K + U^0 + mgy t = -mv 2 +0 + f k d . 


With d =yi, m = 70 kg and f k = 500 N, this yields v = 4.8 m/s. 


127. (a) When there is no change in potential energy, Eq. 8-24 leads to 


W mn = AK = -m (v 2 -vl) 

app 2 


Therefore, A£ = 6.0xl0 3 J 


(b) From the above manipulation, we see W app = 6.0 x 10 J. Also, from Chapter 2, we 
know that At = Av/a = 10 s . Thus, using Eq. 7-42, 

avg At 10 

(c) and (d) The constant applied force is ma = 30 N and clearly in the direction of motion, 
so Eq. 7-48 provides the results for instantaneous power 


P = Fv = 


300 W for v = 10 m/s 
900 W for v = 30 m/s 


We note that the average of these two values agrees with the result in part (b). 


128. The distance traveled up the incline can be figured with Chapter 2 
techniques: v 2 = v 2 + 2aAx — > Ax = 200 m . This corresponds to an increase in height 
equal toy = (200 m) sin 6= 17 m, where 6 — 5.0° . We take its initial height to be y = 0. 


(a) Eq. 8-24 leads to 


w m = AE = ^m (v 2 -v 2 0 ) + mgy 


Therefore, AE = 8.6x1 0 3 J . 

(b) From the above manipulation, we see W app = 8.6 x IO 3 J. Also, from Chapter 2, we 
know that At = Av/a = 10 s . Thus, using Eq. 7-42, 

avg At 10 

where the answer has been rounded off (from the 856 value that is provided by the 
calculator). 

(c) and (d) Taking into account the component of gravity along the incline surface, the 
applied force is ma + mg sin 0= 43 N and clearly in the direction of motion, so Eq. 7-48 
provides the results for instantaneous power 


P = Fv 


430 W for v = 10 m/s 
1300 W forv = 30m/s 


where these answers have been rounded off (from 428 and 1284, respectively). We note 
that the average of these two values agrees with the result in part (b). 


129. We want to convert (at least in theory) the water that falis through h = 500 m into 
electrical energy. The problem indicates that in one year, a volume of water equal to AAz 
lands in the form of rain on the country, where yá = 8xl0 12 m 2 and Az = 0.75 m. 
Multiplying this volume by the density p = 1000 kg/m 3 leads to 

m total =pAAz = (l 000) (8 x 1 0 12 ) (0.75) = 6 x 1 0 15 kg 

for the mass of rainwater. One-third of this "falis" to the ocean, so it is m = 2 x IO 15 kg 
that we want to use in computing the gravitational potential energy mgh (which will turn 
into electrical energy during the year). Since a year is equivalent to 3.2 x IO 7 s, we obtain 

Í2xl0 15 )(9.8)(500) 

p ^=- ^— r — - = 3.1xl0 n W. 

avg 3.2xl0 7 


130. The spring is relaxed at y = 0, so the elastic potential energy (Eq. 8-11) is 
U e] = jky 2 . The total energy is conserved, and is zero (determined by evaluating it at its 
initial position). We note that U is the same as AÍ7 in these manipulations. Thus, we have 

0 = K + U g + U e => K = -U g -U e 

where U g = mgy = (20 N)y with y in meters (so that the energies are in Joules). We 
arrange the results in a table: 


position y 

-0.05 

-0.10 

-0.15 

-0.20 

K 

(a) 0.75 

(d) 1.0 

(g) 0.75 

0)0 

u g 

(b)-1.0 

(e) -2.0 

(h)-3.0 

(k) -4.0 

U e 

(c) 0.25 

(f) i-o 

(i) 2.25 

(1) 4.0 


131. The power generation (assumed constant, so average power is the same as 
instantaneous power) is 

/ ,_ mgÃ _ (3/4)(1200m 3 )(10 3 kg/m 3 )(9.8m/s 2 )(100m) _ gg0xl()8 w 
t l.Os 


132. The style of reasoning used here is presented in §8-5. 

(a) The horizontal line representing E\ intersects the potential energy curve at a value of r 
-0.07 nm and seems not to intersect the curve at larger r (though this is somewhat 
unclear since U (r) is graphed only up to r = 0.4 nm). Thus, if m were propelled towards 
M from large r with energy E\ it would "turn around" at 0.07 nm and head back in the 
direction from which it carne. 

(b) The line representing E 2 has two intersection points r\ ~ 0.16 nm and r 2 ~ 0.28 nm 
with the U (r) plot. Thus, if m starts in the region r\ < r < r 2 with energy E 2 it will bounce 
back and forth between these two points, presumably forever. 

(c) At r = 0.3 nm, the potential energy is roughly U= -1.1 x 10~ 19 J. 

(d) With M> > m, the kinetic energy is essentially just that of m. Since E = 1 x 10~ 19 J, its 
kinetic energy isAT = J E'-í7=2.1x IO" 19 J. 

(e) Since force is related to the slope of the curve, we must (crudely) estimate 
\F\ ~ 1 x 10~ 9 N at this point. The sign of the slope is positive, so by Eq. 8-20, the force is 
negative-valued. This is interpreted to mean that the atoms are attracted to each other. 

(f) Recalling our remarks in the previous part, we see that the sign of F is positive 
(meaning it's repulsive) for r < 0.2 nm. 

(g) And the sign of F is negative (attractive) for r > 0.2 nm. 

(h) At r = 0.2 nm, the slope (hence, F) vanishes. 


133. (a) Sample Problem 8-3 illustrates simple energy conservation in a similar situation, 
and derives the frequently encountered relationship: v = \}2gh . In our present problem, 
the height change is equal to the rod length L. Thus, using the suggested notation for the 
speed, we have v G = ^2gL . 

(b) At B the speed is (from Eq. 8-17) 

v = ^jv 2 0 +2gL =j4gL . 

The direction of the centripetal acceleration (v 2 /r = AgL/L = Ag) is upward (at that 
moment), as is the tension force. Thus, Newton's second law gives 

T— mg = m(4g) => T= 5mg. 

(c) The difference in height between C and D is L, so the "loss" of mechanical energy 
(which goes into thermal energy) is -mgL. 

(d) The difference in height between B and D is 2L, so the total "loss" of mechanical 
energy (which ali goes into thermal energy) is -2mgL. 


134. (a) The force (SI units understood) from Eq. 8-20 is plotted in the graph below. 

F(x) 



X 


(b) The potential energy U(x) and the kinetic energy K(x) are shown in the next. The 
potential energy curve begins at 4 and drops (until about x = 2); the kinetic energy curve 
is the one that starts at zero and rises (until about x = 2). 


135. Let the amount of stretch of the spring be x. For the object to be in equilibrium 


kx - mg = 0 => x = mg/k . 
Thus the gain in elastic potential energy for the spring is 


i i 


AU„=-kx 2 =-k 
2 2 


mg 
V k j 


2 2 


m g 
2k 


while the loss in the gravitational potential energy of the system is 

-ÁÍ7 = mgx = mg 


2 2 

m g 


V * J 


which we see (by comparing with the previous expression) is equal to 2AU e . The reason 
why Wu\ ^ AU e is that, since the object is slowly lowered, an upward externai force 

(e.g., due to the hand) must have been exerted on the object during the lowering process, 
preventing it from accelerating downward. This force does negative work on the object, 
reducing the total mechanical energy of the system. 


1. We use Eq. 9-5 to solve for (x 3 ,y 3 ). 

(a) The x coordinates of the system's center of mass is: 

_ m x x,+m 2 x 2 +m 3 x 3 _ (2.00kg)(-1.20 m) + (4.00 kg) (0.600 m) + (3.00 kg)x 3 
Xcom_ m l +m 2 +m 3 ~ 2.00 kg + 4.00 kg + 3.00 kg 

= -0.500 m. 

Solving the equation yields x 3 = -1.50 m. 

(b) The y coordinates of the system's center of mass is: 
m í y í + m 2 y 2 +m 3 y 3 _ (2.00 kg)(0.500 m) + (4.00 kg)(-0.750 m) + (3.00 kg)y 3 


m l + m 2 +m 3 2.00 kg + 4.00 kg + 3.00 kg 

= -0.700 m. 


Solving the equation yields j 3 = -1.43 m. 


2. Our notation is as follows: xi = 0 and yi = 0 are the coordinates of the m\ = 3.0 kg 
particle; x 2 = 2.0 m and y 2 = 1.0 m are the coordinates of the m 2 = 4.0 kg particle; and, xj, 
= 1.0 m and j3 = 2.0 m are the coordinates of the mi = 8.0 kg particle. 

(a) The x coordinate of the center of mass is 

_ m l x l +m 2 x 2 + m 3 x 3 _ 0 + (4.0 kg) (2.0 m) + (8.0 kg) (1.0 m) _ ] ^ 
Xcom ~ m x + m 2 + m 3 ~ 3.0 kg + 4.0 kg + 8.0 kg ~ ' ' 

(b) The y coordinate of the center of mass is 

_ m iyi +m 2 j; 2 +m3j;3 _ 0 + (4.0kg)(l.0m) + (8.0kg)(2.0m) _ i ^ 
m 1 +m 2 +m 3 3.0 kg + 4.0 kg + 8.0 kg 


(c) As the mass of m 3 , the topmost particle, is increased, the center of mass shifts toward 
that particle. As we approach the limit where is infinitely more massive than the 
others, the center of mass becomes infinitesimally close to the position of m 3 . 


3. Since the plate is uniform, we can split it up into three rectangular pieces, with the 
mass of each piece being proportional to its area and its center of mass being at its 
geometric center. We'll refer to the large 35 cm x 10 cm piece (shown to the left of the y 
axis in Fig. 9-38) as section 1; it has 63.6% of the total area and its center of mass is at 
(xi ,yi) = (-5.0 cm, -2.5 cm). The top 20 cm x 5 cm piece (section 2, in the first quadrant) 
has 18.2% of the total area; its center of mass is at (x 2 ,yi) = (10 cm, 12.5 cm). The bottom 
10 cm x 10 cm piece (section 3) also has 18.2% of the total area; its center of mass is at 
(x3,y 3 ) = (5 cm, -15 cm). 

(a) The x coordinate of the center of mass for the plate is 

Xcom = (0.636)*! + (0.182)x 2 + (0.182)x 3 = - 0.45 cm . 

(b) The y coordinate of the center of mass for the plate is 


y com = (0.636)7! + (0.182)j; 2 + (0.1 82)73 = 


- 2.0 cm . 


4. We will refer to the arrangement as a "table." We locate the coordinate origin at the 
left end of the tabletop (as shown in Fig. 9-37). With +x rightward and +y upward, then 
the center of mass of the right leg is at (x,y) = (+L, -L/2), the center of mass of the left leg 
is at (x,y) = (0, -L/2), and the center of mass of the tabletop is at (x,y) = {L/2, 0). 

(a) The x coordinate of the (whole table) center of mass is 

_ M {+L) + M (0) + 3M (+L 1 2) _ 
M + M + 3M 

With L = 22 cm, we have x com =11 cm. 

(b) The y coordinate of the (whole table) center of mass is 

_M(-L/2) + M(-L/2) + 3M(0) _ L 
ycom ~ M + M + 3M ~~y 

orj com = -4.4 cm. 


From the coordinates, we see that the whole table center of mass is a small distance 4.4 
cm directly below the middle of the tabletop. 


5. (a) By symmetry the center of mass is located on the axis of symmetry of the 
molecule - the y axis. Therefore x com = 0. 

(b) To find y com , we note that 3muy com = m N (y N - Jcom), where _y N is the distance from the 
nitrogen atom to the plane containing the three hydrogen atoms: 

y N =^(10. 14x10"" m) 2 -(9.4xKr n m) 2 = 3.803xl0 n m. 

Thus, 

m v (14.0067)Í3.803xl0" 11 m) 
com m N +3m H 14.0067 + 3(1.00797) 


where Appendix F has been used to find the masses. 


6. The centers of mass (with centimeters understood) for each of the five sides are as 
follows: 


(Xj , y i , Zj ) = (0, 20, 20) for the side in the yz plane 

(x 2 , y 2 , z 2 ) = (20, 0, 20) for the side in the xz plane 

(x 3 , _y 3 , z 3 ) = (20, 20, 0) for the side in the xy plane 

(x 4 , y 4 ,z 4 ) = (40,20,20) for the remaining side parallel to side 1 

(x 5 ,y 5 ,z 5 ) = (20, 40, 20) for the remaining side parallel to side 2 

Recognizing that ali sides have the same mass m, we plug these into Eq. 9-5 to obtain the 
results (the first two being expected based on the symmetry of the problem). 

(a) The x coordinate of the center of mass is 

mx,+mx-,+mx,+mx,+mx, 0 + 20 + 20 + 40 + 20 
x rnm = — L = = 20 cm 

COm r r 

5m 5 

(b) The y coordinate of the center of mass is 

_ my l + my 2 + my 3 + my 4 + my 5 _ 20 + 0 + 20 + 20 + 40 

Jcom _ r ~ r- ~ 

5m 5 


(c) The z coordinate of the center of mass is 


7. We use Eq. 9-5 to locate the coordinates. 

(a) By symmetry x com = -d\l2 = -(13 cm)/2 = - 6.5 cm. The negative value is due to our 
choice of the origin. 

(b) We find j com as 
mv +m v pVy +pVv 

;/com,j as com, a ri f / com,í ra as cm, a 


com 


m i +m a P l V l +p a V a 

(11 cm/2)Í7.85 g/cm 3 ) + 3(ll cm/2)Í2.7 g/cm 3 ) 

= -. r— = 8.3 cm. 

7.85 g/cm 3 +2.7 g/cm 3 


(c) Again by symmetry, we have z com = (2.8 cm)/2 = 1.4 cm. 


8. (a) Since the can is uniforai, its center of mass is at its geometrical center, a distance 
H/2 above its base. The center of mass of the soda alone is at its geometrical center, a 
distance x/2 above the base of the can. When the can is full this is H/2. Thus the center of 
mass of the can and the soda it contains is a distance 


h = 


M(H/2) + m(H/2) _ H 


M + m 


above the base, on the cylinder axis. With H= 12 cm, we obtain h = 6.0 cm. 

(b) We now consider the can alone. The center of mass is H/2 = 6.0 cm above the base, 
on the cylinder axis. 

(c) As x decreases the center of mass of the soda in the can at first drops, then rises to H/2 
= 6.0 cm again. 

(d) When the top surface of the soda is a distance x above the base of the can, the mass of 
the soda in the can is m p = m(x/H), where m is the mass when the can is full (x = H). The 
center of mass of the soda alone is a distance x/2 above the base of the can. Hence 


h = 


M(H/2) + m p (x/2) _ M(H / 2) + m(x / H)(x / 2) _ MH 2 +mx 2 


M + m„ 


M + (mx/H) 


2(MH+mx)' 


We find the lowest position of the center of mass of the can and soda by setting the 
derivative of h with respect to x equal to 0 and solving for x. The derivative is 


dh 


2mx ( MH 1 + mx 2 )m m 2 x 2 +2 MmHx - MmH 2 


dx 2(MH+mx) 2{MH + mxf 


2(MH + mx) 


2 2 2 

The solution to m x + 2MmHx - MmH = 0 is 


MH 


x = ■ 


m 


-1 + J1 + 


m 
M 


The positive root is used since x must be positive. Next, we substitute the expression 

2 2 

found for x into h = (MH + mx )/2(MH + mx). After some algebraic manipulation we 
obtain 


h = 


HM 


m 


1 + ^-1 

I M 


(12cm)(0.14kg/ 


1.31 kg 


LOlkg^ 
I 0.14 kg 


= 2.8 cm. 


J 


9. The implication in the problem regarding v 0 is that the olive and the nut start at rest. 
Although we could proceed by analyzing the forces on each object, we prefer to approach 
this using Eq. 9-14. The total force on the nut-olive system is F o +F n = (-i + j) N . Thus, 
Eq. 9-14 becomes 

(-i + j)N = Mfl com 

where M = 2.0 kg. Thus, ã com =(-|i + |j)m/s . Each component is constant, so we 
apply the equations discussed in Chapters 2 and 4 and obtain 

A4 m =^ C o^ 2 =(-4.0m)i + (4.0m)j 

when t = 4.0 s. It is perhaps instructive to work through this problem the long way 
(separate analysis for the olive and the nut and then application of Eq. 9-5) since it helps 
to point out the computational advantage of Eq. 9-14. 


10. Since the center of mass of the two-skater system does not move, both skaters will 
end up at the center of mass of the system. Let the center of mass be a distance x from the 
40-kg skater, then 

(65 kg)(l0 m- x) = (40 kg)x => x = 6.2 m. 
Thus the 40-kg skater will move by 6.2 m. 


11. We use the constant-acceleration equations of Table 2-1 (with +y downward and the 
origin at the release point), Eq. 9-5 for y com and Eq. 9-17 for v com . 

(a) The location of the first stone (of mass m\) at t = 300 x 10~ 3 s is 

yx = (l/2)gí 2 = (l/2)(9.8 m/s 2 ) (300 x IO" 3 s) 2 = 0.44 m, 
and the location of the second stone (of mass mi = 2m{) att= 300 x 10 s is 

y 2 = (V2)gt 2 = (l/2)(9.8 m/s 2 )(300 x 10" 3 s - 100 x IO" 3 s) 2 = 0.20 m. 
Thus, the center of mass is at 

= m iyi +m 2 y 2 = ^(0.44 m) + 2^,(0.20 m) = 

s com , m ' 

m x +m 2 17^+ 2m 2 

(b) The speed of the first stone at time t is vi = gt, while that of the second stone is 

v 2 =g(t- 100 x 10" 3 s). 
Thus, the center-of-mass speed at t = 300 x 10 s is 

m x v x +m 2 v 2 m^.Sm/s^fSOOxlO" 3 s) + 2m! (9.8 m/s 2 ) (300x1 0" 3 s-100xl0" 3 s) 

^com — — ~ 

- 2.3 m/s. 


12. We use the constant-acceleration equations of Table 2-1 (with the origin at the traffic 
light), Eq. 9-5 for x com and Eq. 9-17 forv com . At t = 3.0 s, the location of the automobile 
(of mass m\) is 

jc, =\at 2 ={(4.0 m/s 2 )(3.0 s) 2 =18 m, 

while that of the truck (of mass mi) is xi = vt = (8.0 m/s)(3.0s) = 24 m. The speed of the 
automobile then is v, = at = (4.0 m/s 2 ) (3.0 s) = 12 m/s, while the speed of the truck 

remains v 2 = 8.0 m/s. 

(a) The location of their center of mass is 

_ m x x x +m 2 x 2 _ (1000 kg)(l8 m) + (2000 kg)(24 m) _ ^ 
Xcom_ mi +m 2 ~ 1000 kg + 2000 kg ~ m ' 

(b) The speed of the center of mass is 
_ m y v x +m 2 v 2 _ (1000 kg) (12 m/s) + (2000 kg) (8.0 m/s) _ () ^ 


com 


m l +m 2 1000 kg + 2000 kg 


13. (a) The net force on the system (of total mass m,\ + m 2 ) is m?g. Thus, Newton's 
second law leads to a = g(m 2 /( mi + m 2 )) = OAg. For blockl, this acceleration is to the 
right (the i direction), and for block 2 this is an acceleration downward (the -j direction). 
Therefore, Eq. 9-18 gives 

t = m, a. + m 2 a 2 = (0.6)(0.4gi ) + (0.4)(-0.4^i 1 , _ f 2 

acom m! + m 2 0.6 + 0.4 1 1 - 3/ J ^ 111/8 • 


(b) Integrating Eq. 4-16, we obtain 


v com = (2.35 í- 1.57j )t 


(with SI units understood), since it started at rest. We note that the ratio of the y- 
component to the x-component (for the velocity vector) does not change with time, and it 
is that ratio which determines the angle of the velocity vector (by Eq. 3-6), and thus the 
direction of motion for the center of mass of the system. 

(c) The last sentence of our answer for part (b) implies that the path of the center-of-mass 
is a straight line. 

(d) Eq. 3-6 leads to d = -34°. The path of the center of mass is therefore straight, at 
downward angle 34°. 


14. (a) The phrase (in the problem statement) "such that it [particle 2] always stays 
directly above particle 1 during the flight" means that the shadow (as if a light were 
directly above the particles shining down on them) of particle 2 coincides with the 
position of particle 1, at each moment. We say, in this case, that they are vertically 
aligned. Because of that alignment, v 2x = Vi = 10.0 m/s. Because the initial value of v 2 is 
given as 20.0 m/s, then (using the Pythagorean theorem) we must have 


for the initial value of the y component of particle 2's velocity. Eq. 2-16 (or conservation 
of energy) readily yields _y max = 300/19.6 = 15.3 m. Thus, we obtain 


(b) Since both particles have the same horizontal velocity, and particle 2's vertical 
component of velocity vanishes at that highest point, then the center of mass velocity 


(c) Only particle 2 experiences any acceleration (the free fali acceleration downward), so 
Eq. 9-18 (or Eq. 9-19) leads to 



#max = m 2 JW /«total = (3.00 g)(15.3 m)/(8.00 g) = 5.74 m. 


then is simply (10.0 m/s) i (as one can verify using Eq. 9-17). 


a C om = m 2 g/m total = (3.00 g)(9.8 m/s 2 )/(8.00 g) = 3.68 m/s 2 


for the magnitude of the downward acceleration of the center of mass of this system. 
Thus > «com =(-3.68 m/s 2 )j. 


15. We need to find the coordinates of the point where the shell explodes and the velocity 
of the fragment that does not fali straight down. The coordinate origin is at the firing 
point, the +x axis is rightward, and the +y direction is upward. The y component of the 
velocity is given by v = v 0y - gt and this is zero at time t = v 0y /g = (v 0 /g) sin 6o, where vo 
is the initial speed and 0o is the firing angle. The coordinates of the highest point on the 
trajectory are 

vl (20 m/s) 2 

x = v„ t = vJcos0 n =— sin# n cos# n =- ^- sin 60° cos 60° = 17.7 m 

g 9.8 m/s 


and 


1 , 1 vl , 1 (20 m/s) 
y = v« y t--gt 2 = -^sin 2 0 O = - \ sin 2 60 = 15.3 m. 

2 2 g 2 9.8 m/s 


Since no horizontal forces act, the horizontal component of the momentum is conserved. 
Since one fragment has a velocity of zero after the explosion, the momentum of the other 
equals the momentum of the shell before the explosion. At the highest point the velocity 
of the shell is v 0 cos$), in the positive x direction. Let Mbe the mass of the shell and let 
Vo be the velocity of the fragment. Then Mv 0 cos#o = MVo/2, since the mass of the 
fragment is M/2. This means 

V 0 = 2v 0 cos0 Q = 2(20 ml s) cos 60° = 20 m/s. 

This information is used in the form of initial conditions for a projectile motion problem 
to determine where the fragment lands. Resetting our clock, we now analyze a projectile 
launched horizontally at time t = 0 with a speed of 20 m/s from a location having 

coordinates xo = 17.7 m, y 0 = 15.3 m. Its y coordinate is given by y = y 0 - \gt 2 , and 

when it lands this is zero. The time of landing is t - ^2y Q I g and the x coordinate of the 
landing point is 


x = Xo + V o t = Xo+ V 0 ^K = 17.7m + (20m/s)^&^5 = 53m. 


16. We denote the mass of Ricardo as M R and that of Carmelita as Mc. Let the center of 
mass of the two-person system (assumed to be closer to Ricardo) be a distance x from the 
middle of the canoe of length L and mass m. Then 

M R (L/2 -x) = mx + MdLIl + x). 

Now, after they switch positions, the center of the canoe has moved a distance 2x from its 
initial position. Therefore, x = 40 cm/2 = 0.20 m, which we substitute into the above 
equation to solve for M c : 


M _ M R (L/2-x)-mx _ (80)(M - 0.20) - (30)(0.20) _ 
c L/2 + x (3.0/2) + 0.20 


17. There is no net horizontal force on the dog-boat system, so their center of mass does 
not move. There fore by Eq. 9-16, MAx com = 0 = m h Ax h + m d Ax d , which implies 


Ax, 


m A 


m. 


Now we express the geometrical condition that relative to the boat the dog has moved a 
distance d = 2.4 m: 

|Ax è | + |Ax rf | = d 

which accounts for the fact that the dog moves one way and the boat moves the other. We 
substitute for |Ax&| from above: 


m b 


\(Ax d )| + 1 Ax d | = d 


2.4 m 

\ + m d lm b l + (4.5/18) 


which leads to \Ax d = : — = - — - — — = 1 .92 m. 


The dog is therefore 1.9 m closer to the shore than initially (where it was D = 6.1m from 
it). Thus, it is now D -\Axd\ = 4.2 m from the shore. 


18. The magnitude of the ball's momentum change is 

Ap = \mvi - mv f I = (0.70 kg) |5.0 m / s - (-2.0 m / s)| = 4.9 kg ■ m / s. 


19. (a) The change in kinetic energy is 

AK = -^mv 2 f ~~ mv f = ~(2100 kg) ^(5 1 km/h) 2 -(41 km/h) 2 J 

= 9.66xl0 4 kg - (km/h) 2 ((lO 3 m/km) (l h/3600 s))' 
= 7.5xl0 4 J. 

(b) The magnitude of the change in velocity is 

|Av| = ^(-v í ) 2 +(v / ) 2 =^(-41 km/h) 2 +(51 km/h) 2 =65.4 km/h 
so the magnitude of the change in momentum is 


| Ap\ = m | Av | = (2 1 00 kg) (65.4 km / h) 


1000 ml km 


3600 s/h 

(c) The vector Ap points at an angle #south of east, where 


= 3.8xl0 4 kg m/s. 


0 = tan 


( \ 

v i 


Mlkm/h^ 


= tan 1 


Vf) 


^51 km/hy 


= 39°. 


20. (a) Since the force of impact on the bali is in the y direction, ;? x is conserved: 

p xi = mvi sin#i =p x f= mvj sin 
With 6>i = 30.0°, we find = 30.0°. 
(b) The momentum change is 

Ap = mv, cos6' 2 (-j)-mv ! .cos6' 2 (+j) = -2(0.165 kg) (2.00 m/s) (cos30°)j 
= (-0.572 kg -m/s)]. 


21. We use coordinates with +x horizontally toward the pitcher and +y upward. Angles 
are measured counterclockwise from the +x axis. Mass, velocity and momentum units are 
SI. Thus, the initial momentum can be written p 0 = (4.5 Z 215°) in magnitude-angle 
notation. 

(a) In magnitude-angle notation, the momentum change is 

(6.0 Z -90°) -(4.5 Z 215°) = (5.0 Z-43°) 

(efficiently done with a vector-capable calculator in polar mode). The magnitude of the 
momentum change is therefore 5.0 kg - m/s. 

(b) The momentum change is (6.0 Z 0 o ) - (4.5 Z 215°) = (10 Z 15°). Thus, the 
magnitude of the momentum change is 10 kg - m/s. 


22. We infer from the graph that the horizontal component of momentum p x is 4.0 kg-m/s. 
Also, its initial magnitude of momentum p 0 is 6.0 kg-m/s. Thus, 

cos6 0 = EjL => 0 O = 48° . 

Po 


23. The initial direction of motion is in the +x direction. The magnitude of the average 
force F avg is given by 

F n .±. 32 ' 4N ; S -1.20X10-N 
avg At 2.70x1 0" 2 s 

The force is in the negative direction. Using the linear momentum-impulse theorem 
stated in Eq. 9-3 1 , we have 

-F ãVg At = mvf- mvj. 

where m is the mass, v,- the initial velocity, and v/ the final velocity of the bali. Thus, 


mv-F At (0.40kg)(14m/s)-(1200N)(27xl0- 3 s) 

v = — ^ — = - = -67 m/s. 

m 0.40 kg 


(a) The final speed of the bali is | v f \ = 67 m/s. 

(b) The negative sign indicates that the velocity is in the -x direction, which is opposite to 
the initial direction of travei. 

(c) From the above, the average magnitude of the force is F avg =1.20xl0 3 N. 

(d) The direction of the impulse on the bali is -x, same as the applied force. 


24. (a) By energy conservation, the speed of the victim when he falis to the floor is 

^mv 2 =mgh => v = ^2gh = ^2(9.8 m/s 2 )(0.50 m) = 3.1 m/s. 

Thus, the magnitude of the impulse is 

J = | Ap | = m | Av | = mv = (70 kg)(3.1 m/s) « 2.2xl0 2 N-s. 
(b) With duration of Aí = 0.082 s for the collision, the average force is 

J 2.2x10- N-s = 
Aí 0.082 s 


25. We estimate his mass in the neighborhood of 70 kg and compute the upward force F 
of the water from Newton' s second law: F - mg = ma , where we have chosen +y upward, 
so that a > 0 (the acceleration is upward since it represents a deceleration of his 
downward motion through the water). His speed when he arrives at the surface of the 

water is found either from Eq. 2-16 or from energy conservation: v - -Jlgh , where 
h-\2m, and since the deceleration a reduces the speed to zero over a distance d = 0.30 
m we also obtain v = jlad. We use these observations in the following. 

Equating our two expressions for v leads to a = gh/d. Our force equation, then, leads to 


F = mg + m 


V dj 


mg 


1 + - 
d 


which yields F ~ 2.8 x IO 4 kg. Since we are not at ali certain of his mass, we express this 
as a guessed-at range (in kN) 25 < F < 30. 

Since F » mg, the impulse J due to the net force (while he is in contact with the water) 
is overwhelmingly caused by the upward force of the water: J F dt = J to a good 
approximation. Thus, by Eq. 9-29, 

J Fdt = p f -Pi = 0- m(-Jígh) 

(the minus sign with the initial velocity is due to the fact that downward is the negative 
direction) which yields (70 kg)^2(9.8 m/s 2 )(l2 m) =l.lxl0 3 kg-m/s. Expressing this as 
a range we estimate 


1.0xl0 3 kg m/s< ^Fdt < 1.2xl0 3 kg m/s. 


26. We choose +y upward, which implies a > 0 (the acceleration is upward since it 
represents a deceleration of his downward motion through the snow). 

(a) The maximum deceleration a max of the paratrooper (of mass m and initial speed v = 56 
m/s) is found from Newton' s second law 

F — mg = ma 

snow o *^max 

where we require F snow = 1.2 x IO 5 N. Using Eq. 2-15 v 2 = 2a mãX d, we find the minimum 
depth of snow for the man to survive: 

J v 2 mv 2 (85kg)(56m/s) 2 1 1 

d — = ~ — — = 1 1 m 

2a max 2(F snow -mg) 2(l.2xl0 5 N) 

(b) His short trip through the snow involves a change in momentum 

Ap = pf-Pi =0-(85kg)(-56m/s) = -4.8xl0 3 kgm/s, 

or | Ap |= 4.8x1 0 3 kg ■ m/s . The negative value of the initial velocity is due to the fact that 
downward is the negative direction. By the impulse-momentum theorem, this equals the 
impulse due to the net force Fsnow - mg, but since F snow » mg we can approximate this 
as the impulse on him just from the snow. 


27. We choose +y upward, which means v ( =-25m/s and v f = +\0m/s. During the 

collision, we make the reasonable approximation that the net force on the bali is equal to 
F avg - the average force exerted by the floor up on the bali. 

(a) Using the impulse momentum theorem (Eq. 9-3 1) we find 

J = mv f - mv t = (1.2) (l 0) - (1.2) (-25) = 42 kg ■ m/s . 

(b) From Eq. 9-35, we obtain 

J 42 


28. (a) The magnitude of the impulse is 

J = | Ap | = m | Av | = mv = (0.70 kg)(13 m/s) « 9. 1 kg ■ m/s = 9.1 N ■ 

(b) With duration of At = 5.0xl0" 3 s for the collision, the average force is 


29. We choose the positive direction in the direction of rebound so that v f > 0 and 
v ( . < 0. Since they have the same speed v, we write this as v f = v and v ( . = -v. Therefore, 
the change in momentum for each bullet of mass m is Ap = mAv = 2mv. Consequently, 
the total change in momentum for the 100 bullets (each minute) AP = lOOAp = 200mv. 
The average force is then 



30. (a) By the impulse-momentum theorem (Eq. 9-31) the change in momentum must 

equal the "area" under the F(t) curve. Using the facts that the area of a triangle is \ 

(base)(height), and that of a rectangle is (height)(width), we find the momentum at t = 4 s 
to be (30 kg m/s)i. 

(b) Similarly (but keeping in mind that áreas beneath the axis are counted negatively) we 
find the momentum at t = 7 s is (38 kg'm/s)í. 

(c) At t = 9 s, we obtain p = (6.0 m/s)í. 


3 1 . We use coordinates with +x rightward and +y upward, with the usual conventions for 
measuring the angles (so that the initial angle becomes 180 + 35 = 215°). Using SI units 
and magnitude-angle notation (efficient to work with when using a vector-capable 
calculator), the change in momentum is 

J = Ap = p f -p t = (3.00Z90°)-(3.60Z215°) = (5.86Z59.8 0 ). 

(a) The magnitude of the impulse is J = Ap = 5 .86 kg-m/s = 5.86Ns. 

(b) The direction of J is 59.8° measured counterclockwise from the +x axis. 

(c) Eq. 9-35 leads to 

J = F a Aí = 5.86N-s => F = 5 " 86N ^ ^2.93xl0 3 N. 
avg avg 2.00xl(T 3 s 

We note that this force is very much larger than the weight of the bali, which justifies our 
(implicit) assumption that gravity played no significant role in the collision. 

(d) The direction of F avg is the same as J , 59.8° measured counterclockwise from the +x 
axis. 


32. (a) Choosing upward as the positive direction, the momentum change of the foot is 
Ap = 0-m foot v, =-(0.003 kg) (-1.50 m/s)=4.50xl0~ 3 N s. 

(b) Using Eq. 9-35 and now treating downward as the positive direction, we have 

J = F ãvg At = m, iZãld g At = (0.090 kg) (9.80 m/s 2 ) (0.60 s) = 0.529 N ■ s. 

(c) Push is what provides the primary support. 


33. (a) By energy conservation, the speed of the passenger when the elevator hits the 
floor is 

^mv 2 =mgh => v = ^jlgh = ^2(9.8 m/s 2 )(36 m) = 26.6 m/s. 

Thus, the magnitude of the impulse is 

J = | Ap | = m | Av | = mv = (90 kg)(26.6 m/s) « 2.39xl0 3 N ■ s. 

(b) With duration of At = 5.0xl(T 3 s for the collision, the average force is 

J 2.39xl0 3 N s Âno 1rt5xT 

= — = 5 s 4.78xl0 5 N. 

avg At 5.0xl0~ 3 s 

(c) If the passenger were to jump upward with a speed of v = 7.0 m/s , then the resulting 
downward velocity would be 

v" = v-v = 26.6 m/s - 7.0 m/s = 19.6 m/s, 

and the magnitude of the impulse becomes 

J" = | Ap" \ = m\ Av" | = mv" = (90 kg)(19.6 m/s) = 1.76x1 0 3 N ■ s. 

(d) The corresponding average force would be 

r = 1 .76x!tfN.s 
Aí 5.0xl0" 3 s 


34. (a) By Eq. 9-30, impulse can be determined from the "area" under the F(t) curve. 
Keeping in mind that the area of a triangle is |(base)(height), we find the impulse in this 
case is 1.00 N s. 

(b) By definition (of the average of function, in the calculus sense) the average force must 
be the result of part (a) divided by the time (0.010 s). Thus, the average force is found to 
belOON. 

(c) Consider ten hits. Thinking of ten hits as 10 F{t) triangles, our total time interval is 
10(0.050 s) = 0.50 s, and the total area is 10(1.0 N s). We thus obtain an average force of 
10/0.50 = 20.0 N. One could consider 15 hits, 17 hits, and so on, and still arrive at this 
same answer. 


35. (a) We take the force to be in the positive direction, at least for earlier times. Then the 
impulse is 

j=j o Fdt =\ 0 [(6.0x\0 6 )t-(2.0x\0 9 )t 2 \dt 


^(6.0xl0y-^(2.0xl0y 


= 9.0Ns. 


3.0x10" 


(b) Since J = F avg At, we find 

F m ±. mj. = 3.0xltfN. 
avs At 3.0 x 10 s 

(c) To find the time at which the maximum force occurs, we set the derivative of F with 
respect to time equal to zero - and solve for t. The result is t = 1.5 x 10~ 3 s. At that time 
the force is 

^max = (6.0xl0 6 )(l.5xl0^)-(2.0xl0 9 )(l.5xl0" 3 ) 2 =4.5xl0 3 N. 


(d) Since it starts from rest, the bali acquires momentum equal to the impulse from the 
kick. Let m be the mass of the bali and v its speed as it leaves the foot. Then, 


p J 9.0Ns „ n . 

= — = — = = 20 m/s. 

m m 0.45 kg 


36. From Fig. 9-55, +y corresponds to the direction of the rebound (directly away from 
the wall) and +x towards the right. Using unit-vector notation, the ball's initial and final 
velocities are 

v ( . = vcos#i-vsin#j = 5.2 i — 3.0 j 
v f = vcos# i + vsin#j = 5.2 i + 3.0j 

respectively (with SI units understood). 

(a) With m = 0.30 kg, the impulse-momentum theorem (Eq. 9-3 1) yields 

J = mv f -mv i = 2(0.30 kg)(3.0 m/s j) =(1.8 Ns)j 

(b) Using Eq. 9-35, the force on the bali by the wall is j/At = (1.8/o.010)j = (180N) j. 

By Newton' s third law, the force on the wall by the bali is (-180 N)j (that is, its 
magnitude is 180 N and its direction is directly into the wall, or "down" in the view 
provided by Fig. 9-55). 


37. We choose our positive direction in the direction of the rebound (so the ball's initial 
velocity is negative-valued). We evaluate the integral J = jFdt by adding the 

appropriate áreas (of a triangle, a rectangle, and another triangle) shown in the graph (but 
with the t converted to seconds). With m = 0.058 kg and v = 34 m/s, we apply the 
impulse-momentum theorem: 




-^™ x (0.002s)+ F (0.002 s) + -F (0.002s) = 2mv 

^ max V / max V 2 


which yield: 


s^ max (0.004s) 


2(0.058kg)(34m/s)=9.9x 10 2 N. 


38. (a) Performing the integral (from time a to time b) indicated in Eq. 9-30, we obtain 


f (\2-3t 2 )dt = \2(b-a)-(b 3 -a 3 ) 

Ja 

in SI units. If b = 1.25 s and a = 0.50 s, this gives 7.17 N's. 

(b) This integral (the impulse) relates to the change of momentum in Eq. 9-3 1 . We note 
that the force is zero at t = 2.00 s. Evaluating the above expression for a = 0 and b = 2.00 
gives an answer of 16.0 kg'm/s. 


39. No externai forces with horizontal components act on the man-stone system and the 
vertical forces sum to zero, so the total momentum of the system is conserved. Since the 
man and the stone are initially at rest, the total momentum is zero both before and after 
the stone is kicked. Let m s be the mass of the stone and v s be its velocity after it is kicked; 
let m m be the mass of the man and v m be his velocity after he kicks the stone. Then 

m s v s + m m v m = 0 -> v m = -m s vjm m . 

We take the axis to be positive in the direction of motion of the stone. Then 

(0.068 kg) (4.0 m/s) , 

v = -S ^11 L = -3.0xl0" 3 m/s , 

91 kg 

or | v m | = 3.0x10 3 m/s . The negative sign indicates that the man moves in the direction 
opposite to the direction of motion of the stone. 


40. Our notation is as follows: the mass of the motor is M; the mass of the module is m; 
the initial speed of the system is v 0 ; the relative speed between the motor and the module 
is v r ; and, the speed of the module relative to the Earth is v after the separation. 
Conservation of linear momentum requires 

(M + m)vo = mv + M(v - v r ). 

Therefore, 

Mv (4m)(82km/h) 

v = v 0 + ^ = 4300 km/h + ^ — ^ ^ = 4.4xl0 3 km/h. 

M + m 4m + m 


41 . With v 0 = (9.5 i + 4.0 j) m/s, the initial speed is 

v 0 = ^ 0 + v 2 y0 = ^(9.5 m/s) 2 + (4.0 m/s) 2 = 10.3 1 m/s 
and the takeoff angle of the athlete is 


0 O - tan 1 




'4.0^! 

= tan 1 


v v *oy 


V 9.5 y 


= 22.8°. 


Using Equation 4-26, the range of the athlete without using halteres is 


v 0 2 sin2# 0 (10.31 m/s) 2 sin2(22.8°) 


8 


9.8 m/s 2 


7.75 m. 


On the other hand, if two halteres of mass m = 5.50 kg were thrown at the maximum 
height, then, by momentum conservation, the subsequent speed of the athlete would be 


(M + 2m)v x0 =Mv x =>v' = 


Thus, the change in the x-component of the velocity is 


, M + 2m 


M 


v x0 


, M + 2m 2m 2(5.5 kg) 

Av * = v x~ v *o = 7} v x0 - v x0 = — v x0 = (9.5 m/s) = 1 .34 m/s. 

M M 78 kg 


The maximum height is attained when v y = v y0 - gt = 0 , or 


t = 


v y0 


4.0 m/s 


g 9.8 m/s 2 


= 0.41s. 


Therefore, the increase in range with use of halteres is 

AR = (àv x )t = (1.34m/s)(0.41 s) = 0.55 m. 


42. Our +x direction is east and +y direction is north. The linear mo menta for the two m = 
2.0 kg parts are then 

Pi = mv l = mv 1 j 

where vi = 3.0 m/s, and 

Pi =mv 2 =m(v 2x i + v 2y j) = mv 2 (cos 0 i + sin6> j) 

where v 2 = 5.0 m/s and 6= 30°. The combined linear momentum of both parts is then 

^ = Ã + J5 2 = mvj } + mv 2 1 cos^i + sin^jl = (mv 2 cos#)i + (mVj +mv 2 sin^) j 
= (2.0 kg)(5.0 m/s)(cos30°)í + (2.0 kg)(3.0 m/s+(5.0 m/s)(sin30°)) ] 
= (8.66Í+llj) kg m/s. 

From conservation of linear momentum we know that this is also the linear momentum of 
the whole kit before it splits. Thus the speed of the 4.0-kg kit is 

P ^ P * +P y ^(8.66 kg m/s) 2 +(11 kg -m/s) 2 

v - — = - = - = 3.5 m/s. 

M M 4.0 kg 


43. (a) With SI units understood, the velocity of block L (in the frame of reference 
indicated in the figure that goes with the problem) is (vi - 3)i . Thus, momentum 
conservation (for the explosion at t = 0) gives 

m L (vi - 3) + (m c + m R )vi = 0 

which leads to 

3 m L 3(2 kg) 

Vi = t T — =T77i = 0.60 m/s. 

m L + mc + m R 1 0 kg 

Next, at í = 0.80 s, momentum conservation (for the second explosion) gives 

m c v 2 + m R (v 2 + 3) = (m c + m R )v\ = (8 kg)(0.60 m/s) = 4.8 kg-m/s. 

This yields v 2 = - 0.15. Thus, the velocity of block C after the second explosion is 

v 2 =-(0.15 m/s)í. 

(b) Between t = 0 and t = 0.80 s, the block moves v x At = (0.60 m/s)(0.80 s) = 0.48 m. 
Between t = 0.80 s and t = 2.80 s, it moves an additional 


v 2 At = (- 0.15 m/s)(2.00 s) = - 0.30 m. 
Its net displacement since t = 0 is therefore 0.48 m - 0.30 m = 0.18 m. 


44. Our notation (and, implicitly, our choice of coordinate system) is as follows: the mass 
of the original body is m; its initial velocity is v 0 = v i ; the mass of the less massive piece 
is m\\ its velocity is v x = 0 ; and, the mass of the more massive piece is mi. We note that 
the conditions m2 = 3m\ (specified in the problem) and m\ + mi = m generally assumed in 
classical physics (before Einstein) lead us to conclude 


1 A 3 

m, = —m and m-, = —m. 
1 4 2 4 


Conservation of linear momentum requires 


_ ? 3 _ 

mv 0 = TMjVj + m 2 v 2 ^> mvi = 0 + — mv 2 


which leads to v 2 = — v i. The increase in the system' s kinetic energy is therefore 


1 , 1 


1 


AK = — mjVj + — w 2 v 2 - — mv 0 =0 + — 


( 3 ^ 
— m 

v4 j 


—v 

v3 j 


1 , 1 


— mv 2 = — mv 2 . 


45. Our notation (and, implicitly, our choice of coordinate system) is as follows: the mass 
of one piece is m\ = m; its velocity is Vj = (-30 m/s)i ; the mass of the second piece is mi 

= m; its velocity is v 2 = (-30 m/s)j ; and, the mass of the third piece is = 3m. 

(a) Conservation of linear momentum requires 

mv 0 =m{v l +m 2 v 2 +m^v 3 => 0 = m(-30ij + m(-30jj + 3mv 3 

which leads to v 3 = (lOi + lOj) m/s . Its magnitude is v 3 = IO-n/2 ~ 14 ml s . 

(b) The direction is 45° counterclockwise from +x (in this system where we have m\ 
flying off in the —x direction and mi flying off in the —y direction). 


46. We can think of the sliding-until-stopping as an example of kinetic energy converting 
into thermal energy (see Eq. 8-29 and Eq. 6-2, with F N = mg). This leads to v 2 = 2\±gd 
being true separately for each piece. Thus we can set up a ratio: 

íyrf = 2\x L gd L = 12 
lyj 2\i R gd R 25 

But (by the conservation of momentum) the ratio of speeds must be inversely 
proportional to the ratio of masses (since the initial momentum - before the explosion - 
was zero). Consequently, 

= 25 ^ = fV3m,= 1.39kg. 
Therefore, the total mass is m R + m L =3.4 kg. 


47. Our notation is as follows: the mass of the original body is M = 20.0 kg; its initial 
velocity is v 0 =(200m/s)i ; the mass of one fragment is m\ = 10.0 kg; its velocity is 

v, = (-100 m/s)j ; the mass of the second fragment is m 2 = 4.0 kg; its velocity is 

v 2 = (-500 m/s)i ; and, the mass of the third fragment is = 6.00 kg. 

(a) Conservation of linear momentum requires Mv 0 = m l v l + m 2 v 2 + m 3 v } , which (using the 
above information) leads to 

v 3 =(1.00xl0 3 í-0.167xl0 3 ]) m/s. 

The magnitude of v 3 is v 3 = ^(1000 m/s) 2 +(-167 m/s) 2 =1.01xl0 3 m/s . It points at 
0 = tan _1 (-167/1000) = -9.48° (that is, at 9.5° measured clockwise from the +x axis). 

(b) We are asked to calculate AK or 


í\ i i A 

-m x v\ +-m 2 v 2 2 +-m 3 v 2 3 
\Z 1 l 


-Mv 2 =3.23x1 0 6 J. 

2 0 


48. This problem involves both mechanical energy conservation U i = K x +K 2 , where Ui 
= 60 J, and momentum conservation 


0 = wijVj + m 2 v 2 


where mi = 2nt\. From the second equation, we find |v 1 |=2|v 2 | which in turn implies 
(since v y = | v t | and likewise for v 2 ) 


V 1 2 1 f 1 ^ 

l Z\Z ) 


(2v 2 ) 2 =2 


fl 


m 2 v 2 = 2iC 2 . 


(a) We substitute K\ = 2K 2 into the energy conservation relation and find 

U t = 2K 2 +K 2 ^>K 2 =hj t = 20 J. 


(b) And we obtain K y = 2(20) = 40 J. 


49. We refer to the discussion in the textbook (see Sample Problem 9-8, which uses the 
same notation that we use here) for many of the important details in the reasoning. Here 
we only present the primary computational step (using SI units): 

v = ^^V2^ = ^J2(9.8)(0.12) = 3.1xl0 2 m/s. 


50. (a) We choose +x along the initial direction of motion and apply momentum 
conservation: 

«buiiet^ = m bunA + "WV 2 
(5.2 g)(672 m/s) = (5.2 g)(428 m/s) + (700 g)v 2 


which yields v 2 = 1.81 m/s. 

(b) It is a consequence of momentum conservation that the velocity of the center of mass 
is unchanged by the collision. We choose to evaluate it before the collision: 

v = m ^ lJ ' = (5 - 2g)(672m/8) =4.96 m/s. 

™bulle,+™block 5.2g + 700g 


5 1 . With an initial speed of v ( . , the initial kinetic energy of the car is K t = myf 1 2 . After 
a totally inelastic collision with a moose of mass m m , by momentum conservation, the 
speed of the combined system is 

my,=(m c +m m )v f => v — 

with final kinetic energy 


m„ + m„ 


1 2 1 


-< 2 

2 m +m„ 


(a) The percentage loss of kinetic energy due to collision is 


500 kg 


1 


K : 


K i m c +m m m c + m m 1000 kg + 500 kg 3 


= 33.3%. 


(b) If the collision were with a camel of mass m camel = 300 kg, then the percentage loss of 
kinetic energy would be 


AK m 


camel 


300 kg 


K t m c + m camá 1000kg + 300kg 13 


■ = — = 23%. 


(c) As the animal mass decreases, the percentage loss of kinetic energy also decreases. 


52. (a) The magnitude of the deceleration of each of the cars is a =f Im = flkinglm = jUkg. 
If a car stops in distance d, then its speed v just after impact is obtained from Eq. 2-16: 


v 2 = v 2 + 2ad =í> v = yflãd - ■ s ]2 J u k gd 
since v 0 = 0 (this could alternatively have been derived using Eq. 8-31). Thus, 
v A = y]2jU k gd A = V2(0.13)(9.8m/s 2 )(8.2 m) = 4.6 m/s. 

(b) Similarly, v B = ^2/n k gd B = ^2(0.13X9.8 m/s 2 )(6.1 m) =3.9 m/s. 

(c) Let the speed of car B be v just before the impact. Conservation of linear momentum 
gives mgv = m^v^ + wtgvg, or 

(m^v^mgvj _ (1 100X4.6) + (1400)(3.9) m 

V — — — / t~J 111 / o. 

m B 1400 

(d) The conservation of linear momentum during the impact depends on the fact that the 
only significant force (during impact of duration At) is the force of contact between the 
bodies. In this case, that implies that the force of friction exerted by the road on the cars 
is neglected during the brief At. This neglect would introduce some error in the analysis. 
Related to this is the assumption we are making that the transfer of momentum occurs at 
one location - that the cars do not slide appreciably during At - which is certainly an 
approximation (though probably a good one). Another source of error is the application 
of the friction relation Eq. 6-2 for the sliding portion of the problem (after the impact); 
friction is a complex force that Eq. 6-2 only partially describes. 


53. In solving this problem, our +x direction is to the right (so ali velocities are positive - 
valued). 

(a) We apply momentum conservation to relate the situation just before the bullet strikes 
the second block to the situation where the bullet is embedded within the block. 

(0.0035 kg)v = (1.8035 kg)(l. 4 m/s) => v = 721 m/s. 

(b) We apply momentum conservation to relate the situation just before the bullet strikes 
the first block to the instant it has passed through it (having speed v found in part (a)). 

(0.0035 kg)v 0 =(1.20 kg)(0. 630 m/s) + (0. 00350 kg)(721 m/s) 
which yields v 0 = 937 m/s. 


54. We think of this as having two parts: the first is the collision itself- where the bullet 
passes through the block so quickly that the block has not had time to move through any 
distance yet - and then the subsequent "leap" of the block into the air (up to height h 
measured from its initial position). The first part involves momentum conservation (with 
+y upward): 


which yields v = 1.2 m/s. The second part involves either the free-fall equations from Ch. 
2 (since we are ignoring air friction) or simple energy conservation from Ch. 8. Choosing 
the latter approach, we have 


(0.0 1 kg) (1 000 m/s) = (5.0 kg)v + (0.0 1 kg) (400 m/s) 



which gives the result h = 0.073 m. 


55. (a) Let v be the final velocity of the ball-gun system. Since the total momentum of the 
system is conserved mv,- = (m + M)v. Therefore, 


mv i (60 g)(22 m/s) . . . 

v = '— = - — - = 4.4 m/s. 

m + M 60 g + 240 g 

(b) The initial kinetic energy is K i =\mv] and the final kinetic energy is 
K f = j(m+ M)v 2 - j>n 2 vf /(m+ M) . The problem indicates AE th = 0 , so the difference 
K, -Kfmv&X equal the energy U s stored in the spring: 


U„ = — mv. - 


1 2 2 i 

1 m v, 1 2 

= — mv. 


2 ' 2 (m+M) 2 


V 


1 2 M 
= — mv,. 


2 ' m+M 


Consequently, the fraction of the initial kinetic energy that becomes stored in the spring 
is 

U - M 240 =0.80. 


K, m + M 60+240 


56. The total momentum immediately before the collision (with +x upward) is 


Pi = (3.0 kg)(20 m/s) + (2.0 kg)( -12 m/s) = 36 kg-m/s. 

Their momentum immediately after, when they constitute a combined mass of M = 5.0 
kg, is p/= (5.0 kg) v . By conservation of momentum, then, we obtainv = 7.2 m/s, which 
becomes their "initial" velocity for their subsequent free-fall motion. We can use Ch. 2 
methods or energy methods to analyze this subsequent motion; we choose the latter. The 
levei of their collision provides the reference (y = 0) position for the gravitational 
potential energy, and we obtain 

Ko + U 0 =K+U \mvI + 0 =0+Mgy max . 

Thus, with v 0 = 7.2 m/s, we find jw = 2.6 m. 


57. We choose +x in the direction of (initial) motion of the blocks, which have masses m\ 
= 5 kg and m 2 = 10 kg. Where units are not shown in the following, SI units are to be 
understood. 

(a) Momentum conservation leads to 

m{v u + m 2 v 2j = m{v lf + m 2 v 2f 
(5 kg) (3.0 m/s) + (10 kg) (2.0 m/s) = (5 kg)v lf + (10 kg) (2.5 m/s) 

which yields v lf =2.0 m/s . Thus, the speed of the 5.0 kg block immediately after the 
collision is 2.0 m/s . 

(b) We find the reduction in total kinetic energy: 

K t -K f =^(5 kg)(3 m/s) 2 +i(10 kg)(2 m/s) 2 -|(5 kg)(2 m/s) 2 -|(10 kg)(2.5 m/s) 2 
= -1.25 J =-1.3 J. 

(c) In this new scenario where v 2/ =4.0m/s, momentum conservation leads to 
v lf = -1.0 m/s and we obtain AK = +40 J . 

(d) The creation of additional kinetic energy is possible if, say, some gunpowder were on 
the surface where the impact occurred (initially stored chemical energy would then be 
contributing to the result). 


58. We think of this as having two parts: the first is the collision itself- where the blocks 
"join" so quickly that the 1.0-kg block has not had time to move through any distance 
yet - and then the subsequent motion of the 3.0 kg system as it compresses the spring to 
the maximum amount x m . The first part involves momentum conservation (with +x 
rightward): 

m\V\ = (m\+m2)v => (2.0 kg)(4.0 m/s) = (3.0 kg)v 
which yields v = 2.7 m/s. The second part involves mechanical energy conservation: 

|(3.0kg)(2.7 m/s) 2 =| (200 N/m)x 2 

which gives the resultx m = 0.33 m. 


59. As hinted in the problem statement, the velocity v of the system as a whole - when 
the spring reaches the maximum compression x m - satisfies 

m\V\i + m 2 V2i = (ni] + m 2 )v. 

The change in kinetic energy of the system is therefore 


1 


ÁK = -(m l +m 2 )v --m x v Xi --m 2 v 2i = 


1 ,2 1 ... ..2 _ K v u + ffl 2 v 2,) 2 1 2 1 


mjV 1( . — m 2 v 2i 

2{m l +m 2 ) 2 2 


which yields AK = -35 J. (Although it is not necessary to do so, still it is worth noting 
that algebraic manipulation of the above expression leads to |A^| = y(^^-) v r 2 el where 
Vrei = vi - v 2 ). Conservation of energy then requires 


1 , 

-kx m =-AÃT^>x m = 

^ m m 


-2kK 


-2(-35 J) 


V k ' \1120 N/m 


0.25 m. 


60. (a) Let m\ be the mass of one sphere, vi, be its velocity before the collision, and vi/be 
its velocity after the collision. Let m 2 be the mass of the other sphere, v 2 , be its velocity 
before the collision, and V2/be its velocity after the collision. Then, according to Eq. 
9-75, 

m, — m 7 Inij 

V X f = — V U + J V 2i . 

m l +m 2 m l + m 2 

Suppose sphere 1 is originally traveling in the positive direction and is at rest after the 
collision. Sphere 2 is originally traveling in the negative direction. Replace v u with v, v 2! 
with -v, and vi/with zero to obtain 0 = m\ - 3m2. Thus, 

m 2 =m l /3 = (300 g)/3 = 100g. 


(b) We use the velocities before the collision to compute the velocity of the center of 
mass: 

Í300 z) Í2.00 m/sWílOOe) í-2.00 m/s) 


61. (a) Let m\ be the mass of the cart that is originally moving, vu be its velocity before 
the collision, and vi/be its velocity after the collision. Let nt2 be the mass of the cart that 
is originally at rest and v 2 /be its velocity after the collision. Then, according to Eq. 9-67, 


v lf = 


m l + m 2 


Using SI units (so m\ = 0.34 kg), we obtain 


v u~ v if 

V U+ V lf 


A 1.2m/s-0.66 m/s^ 
1.2 m/s + 0.66 m/s 


(0.34 kg) = 0.099 kg. 


(b) The velocity of the second cart is given by Eq. 9-68: 


2m, 


v 2f = 


m l +m 2 


2(0.34 kg) 


0.34 kg + 0.099 kg 


(1.2 m/s) = 1.9 m/s. 


(c) The speed of the center of mass is 


m,v u +m,v„ (0.34) (1.2) + 0 , 
v cnm ^l = ± 11 — L = 0.93 m/s. 

m l +m 2 0.34 + 0.099 ' 


Values for the initial velocities were used but the same result is obtained if values for the 
final velocities are used. 


62. (a) Let «a be the mass of the block on the left, vaí be its initial velocity, and VA/be its 
final velocity. Let m B be the mass of the block on the right, v Bl be its initial velocity, and 
v B /be its final velocity. The momentum of the two-block system is conserved, so 

m A v A í + m B v B i = m A v A f + m B v B f 

and 

= m A v Ai + m B v Bl - m B v Bf = (1 , 6 kg)(5 . 5 m/s) + (2 . 4 kg)(2 . 5 m/s) - (2 . 4 kg)(4 . 9 m/s) 
^ 1.6 kg 

= 1.9 m/s. 

(b) The block continues going to the right after the collision. 

(c) To see if the collision is elastic, we compare the total kinetic energy before the 
collision with the total kinetic energy after the collision. The total kinetic energy before is 

K, = \ m A v 2 Ai + l - m B v 2 m = l - (1 .6 kg) (5 .5 m/s) 2 + 1 (2.4 kg) (2.5 m/s) 2 = 3 1 .7 J. 

The total kinetic energy after is 


K f = X -m A v 2 Af ^-m B v\ f = 1(1.6 kg) (1.9 m/s) 2 +1 (2.4 kg) (4.9 m/s) 2 =31.7 J. 


Since Kj = Ã/the collision is found to be elastic. 


63. (a) Let m\ be the mass of the body that is originally moving, v u be its velocity before 
the collision, and vi/be its velocity after the collision. Let mi be the mass of the body that 
is originally at rest and v 2 /be its velocity after the collision. Then, according to Eq. 9-67, 


We solve for m 2 to obtain 


v =— v u 

m l + m 2 


V U~ V lf 

— m 1 


Vi/+V u 


We combine this with v lf = v u 1 4 to obtain m 2 = 3mj5 = 3(2.0 kg)/5 = 1.2 kg 
(b) The speed of the center of mass is 

OT,v 1; .+m 2 v 2! . (2.0 kg) (4.0 m/s) 

v com = ~~ = = 2-5 m/s . 

m l + m 2 2.0 kg + 1.2 kg 


fli\ 

64. This is a completely inelastic collision, but Eq. 9-53 (V = ~ ~ ~ v u ) is not easily 

applied since that equation is designed for use when the struck particle is initially 
stationary. To deal with this case (where particle 2 is already in motion), we return to the 
principie of momentum conservation: 

- , ,i* * 2(4Í-5Í) + 4(6Í-2i) 
miVi + m 2 v 2 =(mi + m 2 )V ^> V =~ 2 + 4 - 

(a) In unit- vector notation, then, 

V= (2.67 m/s)í + (-3.00 m/s)j . 

(b) The magnitude of V is | V |= 4.01 m/s 


(c) The direction of F is 48.4° (measured clockwise from the +x axis). 


65. We use Eq 9-67 and 9-68 to find the velocities of the particles after their first 
collision (at x = 0 and t = 0): 


mi-m 2 -0-1 kg -2 

Vif = ; v u - = ~ ~ , (2.0 m/s) = ^rm/s 

7 mi+m 2 0.7 kg v y 7 

2mi 0-6 kg 12 

v 2 f = — ; Vi, = m, (2.0 m/s) = m/s =1.7 m/s. 

7 mi+m 2 0.7 kg v 7 7 

At a rate of motion of 1.7 m/s, 2x w = 140 cm (the distance to the wall and back to x= 0) 
will be traversed by particle 2 in 0.82 s. At t = 0.82 s, particle 1 is located at 

x = (-2/7)(0.82) = -23 cm, 

and particle 2 is "gaining" at a rate of (10/7) m/s leftward; this is their relative velocity at 
that time. Thus, this "gap" of 23 cm between them will be closed after an additional time 
of (0.23 m)/(10/7 m/s) = 0.16 s has passed. At this time (t = 0.82 + 0.16 = 0.98 s) the two 
particles are at x = (-2/7)(0.98) = -28 cm. 


66. First, we find the speed v of the bali of mass m\ right before the collision (just as it 
reaches its lowest point of swing). Mechanical energy conservation (with h = 0.700 m) 
leads to 

m l gh = —m l v 2 => v = yflgh = 3.7 m/s. 


(a) We now treat the elastic collision using Eq. 9-67: 

0.5 kg -2.5 kg 


v lf = — 5 2 -v = ^ 5.(3/7 m/s) = -2.47 m/s 

m l + m 2 0.5 kg + 2.5 kg 


which means the final speed of the bali is 2.47 m/s. 


(b) Finally, we use Eq. 9-68 to find the final speed of the block: 


67. (a) The center of mass velocity does not change in the absence of externai forces. In 
this collision, only forces of one block on the other (both being part of the same system) 
are exerted, so the center of mass velocity is 3.00 m/s before and after the collision. 

(b) We can find the velocity v u of block 1 before the collision (when the velocity of block 
2 is known to be zero) using Eq. 9-17: 

(mi + m 2 )v com = m x v u + 0 => v u = 12.0 m/s . 

Now we use Eq. 9-68 to find v 2 f. 


68. (a) If the collision is perfectly elastic, then Eq. 9-68 applies 


2m x 2m x r— 2 r— 

V2= ^T^ Vli = m 1+ (2.00)1»! ^ 2gh ^ 2gk 

where we have used the fact (found most easily from energy conservation) that the speed 
of block 1 at the bottom of the frictionless ramp is ^2gh (where h = 2.50 m). Next, for 
block 2's "rough slide" we use Eq. 8-37: 

1 2 

2»»2V2 = A£th= fkd = jU k m 2 gd. 

where /4 = 0.500. Solving for the sliding distance d, we find that m 2 cancels out and we 
obtain d =2.22 m. 

(b) In a completely inelastic collision, we apply Eq. 9-53: v 2 = — 7 — v u - (where, as 


above, v u - = \j2gh ). Thus, in this case we have v 2 = \j2gh 13. Now, Eq. 8-37 (using the 
total mass since the blocks are now joined together) leads to a sliding distance of 
d - 0.556 m (one-fourth of the part (a) answer). 


69. (a) We use conservation of mechanical energy to find the speed of either bali after it 
has fallen a distance h. The initial kinetic energy is zero, the initial gravitational potential 
energy is M gh, the final kinetic energy is {Mv 2 , and the final potential energy is zero. 

Thus Mgh = \ Mv 2 and v = y/lgh. The collision of the bali of M with the floor is an 

elastic collision of a light object with a stationary massive object. The velocity of the 
light object reverses direction without change in magnitude. After the collision, the bali is 

traveling upward with a speed of sjlgh . The bali of mass m is traveling downward with 

the same speed. We use Eq. 9-75 to find an expression for the velocity of the bali of mass 
M after the collision: 

M — m 2m M — m r- — - 2m r- — - M — 3m r- — - 

v w = ir, — v m + it, — v «" = ^r, — y 2gh ~~^r, — ^ 2gh= ^r, — ^ 2gh ■ 

M + m M + m M + m M + m M + m 

For this to be zero, m = M/3. With M= 0.63 kg, we have m = 0.21 kg. 
(b) We use the same equation to find the velocity of the bali of mass m after the collision: 

tn-M r—r 2M r—r 3M~m r—r 

V = ~~n~~^ 2 S h + ~^7~S 2 Sh = — 42gh 
M + m M + m M + m 

which becomes (upon substituting M = 3m) v mf = 2^2gh . We next use conservation of 
mechanical energy to find the height h' to which the bali rises. The initial kinetic energy 
is \mv 2 mf , the initial potential energy is zero, the final kinetic energy is zero, and the final 
potential energy is mgh'. Thus, 

1 2 V m f 

—nwl <■ = mgh'^> h'= -— = 4h . 

2 mf ô 2g 


With h = 1 .8 m, we have /z' = 7.2 m. 


70. We use Eqs. 9-67, 9-68 and 4-21 for the elastic collision and the subsequent projectile 
motion. We note that both pucks have the same time-of-fall t (during their projectile 
motions). Thus, we have 

Ax 2 = v 2 t where Ax 2 = d and v 2 = 2m ' v u - 


Axi = Vi t where Axi = -2a and Vi = — v u - . 


Dividing the first equation by the second, we arrive at 


2m\ 


d m\ + m2 


-2d m\-m 2 

— 1 — Vi,- 


After canceling Vi, , t and d, and solving, we obtain m 2 = 1.0 kg. 


71. We orient our +x axis along the initial direction of motion, and specify angles in the 
"standard" way — so 6= +60° for the proton (1) which is assumed to scatter into the first 
quadrant and <f> = -30° for the target proton (2) which scatters into the fourth quadrant 
(recall that the problem has told us that this is perpendicular to 0). We apply the 
conservation of linear momentum to the x and y axes respectively. 


We are given v\ = 500 m/s, which provides us with two unknowns and two equations, 
which is sufficient for solving. Since mi = ffl2 we can cancel the mass out of the equations 
entirely. 

(a) Combining the above equations and solving íoxv' 2 we obtain 


We used the identity sin 0cos0 - cos0 sin0 = sin (0- 0) in simplifying our final 
expression. 

(b) In a similar manner, we find 


m l v l = m l v\ cos0+ m 2 v' 2 cos^ 
0 = m l v\ sm0 + m 2 v' 2 sin^ 


Vj sin 0 


(500 m/s)sin(60°) 
sin (90°) 


= 433 m/s. 


sin (0-<p) 


v, = 


Vj sin 0 


(500 m/s)sin(-30°) 
sin (-90°) 


= 250 m/s . 


sin (<p-0) 


72. (a) Conservation of linear momentum implies 


m A v A +m B v B =m A v A + m B v B . 


Since m Ã = m B = m = 2.0 kg, the masses divide out and we obtain 

v B =v A +v B -v A =(15Í + 30j)m/s + (-10Í + 5j)m/s-(-5Í + 20j)m/s 
= (10i + 15 j) m/s . 

(b) The final and initial kinetic energies are 

K f = | mV\ + ^mv' B = | (2.0) ((-5) 2 + 20 2 + 1 0 2 + 1 5 2 ) = 8.0 x 1 0 2 J 
K. = imv 2 +|mv 2 = |(2.0)(l5 2 +30 2 +(-10) 2 +5 2 ) = 1.3 x IO 3 J . 

The change kinetic energy is then AK = -5.0 x IO 2 J (that is, 500 J of the initial kinetic 
energy is lost). 


73. We apply the conservation of linear momentum to thex and y axes respectively. 

m x v u = m l v l f cos0 l + m 2 v 2f cos0 2 
0 = m x v lf sin 6 X - m 2 v 2f sin 0 2 

We are givenv 2/ . = 1.20x1 0 5 m/s, 0, =64.0° and 9 2 = 5 1 .0°.Thus, we are left with two 
unknowns and two equations, which can be readily solved. 

(a) We solve for the final alpha particle speed using the j-momentum equation: 


(b) Plugging our result from part (a) into the x-momentum equation produces the initial 
alpha particle speed: 


v, 


m 2 v 2/ sin 0 2 _ (16.0) (l.20xl0 5 )sin(51.0°) 


= 4.15xl0 5 m/s. 


i/ 


m^intf, (4.00)sin(64.0°) 


m x v lf cos 6 X + m 2 v 2f cos 0 2 



4.00 


= 4.84X10 5 m/s . 


74. We orient our +x axis along the initial direction of motion, and specify angles in the 
"standard" way — so 9 = -90° for the particle B which is assumed to scatter "downward" 
and § > 0 for particle A which presumably goes into the first quadrant. We apply the 
conservation of linear momentum to the x and y axes respectively. 

m B v B = m B v' B cos 0 + m Á v' A cos <f) 
0 = m B v' B sin 0 + m A v' A sin (p 

(a) Setting v B = v andv' B - v/2 , the j-momentum equation yields 


m A v A sm<j) = m B - 

and the x-momentum equation yields m A v' A cos0 = m B v. 

Dividing these two equations, we find tan^ = \ which yields <p = 21°. 

(b) We can formally solve for v' A (using the j-momentum equation and the fact that 

, 4$ m B 

V A=~ V 

2 m A 

but lacking numerical values for v and the mass ratio, we cannot fully determine the final 
speed of A. Note: substituting cos^ = 2/V5, into the x-momentum equation leads to 
exactly this same relation (that is, no new information is obtained which might help us 
determine an answer). 


75. Suppose the objects enter the collision along lines that make the 
angles d > 0 and (f) > 0 with the x axis, as shown in the diagram that 
follows. Both have the same mass m and the same initial speed v. 
We suppose that after the collision the combined object moves in 
the positive x direction with speed V. Since the y component of the 
total momentum of the two-object system is conserved, 
mv sin 6— mv sin (p = 0. 

This means <f>= 6. Since thex component is conserved, 


2mv cos 6= 2mV. 

We now use V = v/2 to find that cos 6* = 1/2 . This means 6- 
initial velocities is 120°. 


m 


m 


y 



60°. The angle between the 


76. We use Eq. 9-88 and simplify with v, = O, v/= v, and v re i = u. 


v , - v, = v, ln — '- => — — = e 


v/w 


M. , 

(a) If v = w we obtain — - -e -2.1 . 

M f 

M. , 

(b) If v = 2m we obtain — ^ = e 2 « 7.4 . 


77. (a) The thrust of the rocket is given by T = Rv rs \ where R is the rate of fuel 
consumption and v re i is the speed of the exhaust gas relative to the rocket. For this 
problem R = 480 kg/s and v re i = 3.27 x IO 3 m/s, so 

T = (480 kg/s) (3.27 x IO 3 m/s) = 1.57 x IO 6 N . 

(b) The mass of fuel ejected is given by Mf ue i = RAt, where At is the time interval of the 

burn. Thus, M &e i = (480 kg/s)(250 s) = 1.20 x 10 5 kg. The mass of the rocket after the 
burn is 

M f = Mi-M fue i = (2.55 x IO 5 kg ) - (1.20 x IO 5 kg) = 1.35 xlO 5 kg. 

(c) Since the initial speed is zero, the final speed is given by 


v =v rel ln^ = Í3.27xl0 3 )ln 


^2.55xl0 5A 
1.35 x IO 5 


= 2.08 x IO 3 m/s. 


We use Eq. 9-88. Then 


v f =v i +v tei ln 


K M fJ 


= 105 m/s + (253 m/s) ln 


A 6090 kg^ 


6010 kg 


= 108 m/s. 


79. (a) We consider what must happen to the coal that lands on the faster barge during 
one minute (At = 60s). In that time, a total of m = 1000 kg of coal must experience a 
change of velocity 

Av = 20 km/h - 1 0 km/h = 1 0 km/h = 2.8 m/s , 

where rightwards is considered the positive direction. The rate of change in momentum 
for the coal is therefore 

Ap _ mAv _ (1000 kg) (2.8 m/s) 


At At 60 s 


• = 46N 


which, by Eq. 9-23, must equal the force exerted by the (faster) barge on the coal. The 

processes (the shoveling, the barge motions) are constant, so there is no ambiguity in 

Ap . , dp 
equating — with — . 
At dt 


(b) The problem states that the frictional forces acting on the barges does not depend on 
mass, so the loss of mass from the slower barge does not affect its motion (so no extra 
force is required as a result of the shoveling). 


80. (a) We use Eq. 9-68 twice: 

gwi 2m x 16 . 

V2= ^T^ Vlí = T^7 (4 - 00m/s)= T ^ 

V3= = rS (16/3m/s)= f 111/8 = 7 - llm/s - 

(b) Clearly, the speed of block 3 is greater than the (initial) speed of block 1. 

(c) The kinetic energy of block 3 is 

K ¥ =^m 3 v 3 =(jj 77i i (j-J vi,- =3]"^!/. 

We see the kinetic energy of block 3 is less than the (initial) K of block 1 . In the final 
situation, the initial K is being shared among the three blocks (which are ali in motion), 
so this is not a surprising conclusion. 

(d) The momentum of block 3 is 

p 3f = m 3 v 3 = (D mi(j^v u = ^p u 

and is therefore less than the initial momentum (both of these being considered in 
magnitude, so questions about ± sign do not enter the discussion). 


81. Using Eq. 9-67 and Eq. 9-68, we have after the first collision 


rri] - m 2 —m\ i 
J mi+m 2 3mi 3 


2mi 2wi\ 2 

Vif = — ; v u = õ — vu = tVií 

J mi+m 2 3mi 3 


After the second collision, the velocities are 


m 2 -m 3 -m 2 2 2 
Vl $- m 2 +m 3 V2f ~ 3mJ Vli ~ ~9 Vii 

2m 2 _ 2m 2 2 _ 4 

(a) Setting v u - = 4 m/s, we find v 3 /f ~ 1.78 m/s. 

(b) We see that v 3 ^ is less than v u - . 

(c) The final kinetic energy of block 3 (expressed in terms of the initial kinetic energy of 
block 1) is 

1 2 1,., 2 64 


= 2 m 3V 3 =2(4/Mi) (jg-J V U - =^Y^u' • 

We see that this is less than iT u . 

(d) The final momentum of block 3 is P3gr= w 3 v 3 ^ = (4mi)íyjVi > wiiVi 


82. (a) This is a highly symmetric collision, and when we analyze the y-components of 
momentum we find their net value is zero. Thus, the stuck-together particles travei along 
the x axis. 

(b) Since it is an elastic collision with identical particles, the final speeds are the same as 
the initial values. Conservation of momentum along each axis then assures that the 
angles of approach are the same as the angles of scattering. Therefore, one particle 
traveis along line 2, the other along line 3. 

(c) Here the final speeds are less than they were initially. The total x-component cannot 
be less, however, by momentum conservation, so the loss of speed shows up as a 
decrease in their j-velocity-components. This leads to smaller angles of scattering. 
Consequently, one particle traveis through region B, the other through region C; the paths 
are symmetric about the x-axis. We note that this is intermediate between the final states 
described in parts (b) and (a). 

(d) Conservation of momentum along the x-axis leads (because these are identical 
particles) to the simple observation that the x-component of each particle remains 
constant: 

Vf x = vcos#= 3.06 m/s. 

(e) As noted above, in this case the speeds are unchanged; both particles are moving at 
4.00 m/s in the final state. 


83. (a) Momentum conservation gives 

m R v R + m L v L =0 => (0.500 kg)vjj + (1.00 kg)(-l. 20 m/s) = 0 

which yields v R = 2.40 m/s. Thus, Ax = v R t = (2.40 m/s)(0.800 s) = 1.92 m. 

(b)Nowwehave m R v R + m L {v R -1.20 m/s) = 0, which yields 

_ (1.2m/s)/» £ _ Q^Om/.Xl.OOkg) _ Qm ^ 
ff^+rn^ 1.00 kg + 0.500 kg 

Consequently, Ax = v R t = 0.640 m. 


84. Let m be the mass of the higher floors. By energy conservation, the speed of the 
higher floors just before impact is 

mgd = — mv 2 => v = ^2gd. 


The magnitude of the impulse during the impact is 


J = | Ap | = m | Áv | = mv = m^lgd = mg I— = W j— 


2d 


where W = mg represents the weight of the higher floors. Thus, the average force exerted 
on the lower floor is 

__J__W_ Í2d_ 
avg " At ~ At V g 


With F =sW , where s is the safety factor, we have 


85. We convert mass rate to SI units: R = (540 kg/min)/(60 s/min) = 9.00 kg/s. In the 
absence of the asked-for additional force, the car would decelerate with a magnitude 
given by Eq. 9-87: 

Rv Kl =M\a\ 

so that if a = 0 is desired then the additional force must have a magnitude equal to R v re i 
(so as to cancel that effect). 


F = i?v rel = (9.00 kg/s)(3.20 m/s) = 28.8N. 


86. From mechanical energy conservation (or simply using Eq. 2-16 with ã = g 
downward) we obtain 

v = ^2gh = J2(9.8m/s 2 )(1.5 m) =5.4 m/s 
for the speed just as the body makes contact with the ground. 

(a) During the compression of the body, the center of mass must decelerate over a 
distance d = 0.30 m. Choosing +y downward, the deceleration a is found using Eq. 2-16. 

0 = v +2aa =í> a- = -- 


2d 2(0.30) 

which yields a = -49m/s 2 . Thus, the magnitude of the net (vertical) force is m\a\ = 49m 
in SI units, which (since 49 m/s 2 = 5(9.8 m/s 2 ) = 5g) can be expressed as 5mg. 

(b) During the deceleration process, the forces on the dinosaur are (in the vertical 
direction) F N and mg . If we choose +y upward, and use the final result from part (a), we 
therefore have 

F N - mg = 5mg =í> F N = 6mg. 

In the horizontal direction, there is also a deceleration (from v 0 = 19 m/s to zero), in this 
case due to kinetic friction f k = H k F N = ju k (6mg) . Thus, the net force exerted by the 
ground on the dinosaur is 


^ground = 4fk +F N » ^^g. 


(c) We can applying Newton' s second law in the horizontal direction (with the sliding 
distance denoted as Ax) and then use Eq. 2-16, or we can apply the general notions of 
energy conservation. The latter approach is shown: 


1 2 , A * (19 m/s) 2 
-mV = a, (6mg)Áx => Ax = z- 

2 0 k 2(6)(0.6)(9.8m/s 2 ) 


87. Denoting the new speed of the car as v, then the new speed of the man relative to the 
ground is v - v re i. Conservation of momentum requires 


(w 



(tf 



— + 


v o = 


v + 


U 

SJ 





Consequently, the change of velocity is 


wv ie] (915 N)(4.00 m/s) , . 

Av = v - v n = — - — = 1.10 m/s. 

W + w (2415 N) + (915 N) 


88. First, we imagine that the small square piece (of mass m) that was cut from the large 
plate is returned to it so that the large plate is again a complete 6 m x 6 m {d =1.0 m) 
square plate (which has its center of mass at the origin). Then we "add" a square piece of 
"negative mass" (-m) at the appropriate location to obtain what is shown in Fig. 9-75. If 
the mass of the whole plate is M, then the mass of the small square piece cut from it is 
obtained from a simple ratio of áreas: 


m = 


2.0 m 
v 6.0m j 


M => M = 9m. 


(a) The x coordinate of the small square piece is x = 2.0 m (the middle of that square 
"gap" in the figure). Thus the x coordinate of the center of mass of the remaining piece is 


(-m)x -m(2.0 m) 
M + (-m) 9m - m 


-0.25 m. 


(b) Since the y coordinate of the small square piece is zero, we have y com = 0. 


89. We assume no externai forces act on the system composed of the two parts of the last 
stage. Hence, the total momentum of the system is conserved. Let m c be the mass of the 
rocket case and m p the mass of the payload. At first they are traveling together with 
velocity v. After the clamp is released m c has velocity v c and m p has velocity v p . 
Conservation of momentum yields 

(m c + m p )v = m c v c + m p v p . 

(a) After the clamp is released the payload, having the lesser mass, will be traveling at the 
greater speed. We write v p = v c + v re i, where v re i is the relative velocity. When this 
expression is substituted into the conservation of momentum condition, the result is 

(m c +m p )v = m c y c + m p v c + m p v td . 

Therefore, 

_ (m c + m p )v-m p v iei _ (290.0 kg + 150.0 kg) (7600 m/s) -(150.0 kg) (910.0 m/s) 
Vc ~ m c + m p ~ 290.0 kg + 150.0 kg 

= 7290 m/s. 

(b) The final speed of the payload is v p = v c + v re i = 7290 m/s + 910.0m/s = 8200 m/s. 

(c) The total kinetic energy before the clamp is released is 

K.=^(m c +m p )v 2 =^(290.0 kg + 150.0 kg) (7600 m/s) 2 = 1.271 x 10 10 J. 

(d) The total kinetic energy after the clamp is released is 

Kj =-m c v 2 c +-m p v 2 p =-(290.0 kg)(7290 m/s) 2 +-(150.0 kg)(8200 m/s) 2 
= 1.275xl0 10 J. 

The total kinetic energy increased slightly. Energy originally stored in the spring is 
converted to kinetic energy of the rocket parts. 


90. The velocity of the object is 

v = — = — ((3500 - 1 60í) i + 2700 j + 300 k) = -(1 60 m/s)i. 

dt> dt> 

(a) The linear momentum is p-mv- (250 kg) (-160 m/sij = (-4.0xl0 4 kg - m/s) i. 

(b) The object is moving west (our -i direction). 

(c) Since the value of p does not change with time, the net force exerted on the object is 
zero, by Eq. 9-23. 


91. (a) If m is the mass of a pellet and v is its velocity as it hits the wall, then its 
momentum is p = mv = (2.0 x 10 kg)(500 m/s) = 1 .0 kg • m/s, toward the wall. 


(b) The kinetic energy of a pellet is 

K = ^mv 2 = | (2.0 x 1 0~ 3 kg) (500 m/s) 2 =2.5x1 0 2 J . 

(c) The force on the wall is given by the rate at which momentum is transferred from the 
pellets to the wall. Since the pellets do not rebound, each pellet that hits transfers p = 

1.0 kg • m/s. If A/V pellets hit in time At, then the average rate at which momentum is 
transferred is 

^ = ^ = (1-0 kg ■ m/s^lOs" 1 ) = 10N. 

The force on the wall is in the direction of the initial velocity of the pellets. 

(d) If At is the time interval for a pellet to be brought to rest by the wall, then the average 
force exerted on the wall by a pellet is 

JL= L0^in/s = 17xl()3N 
avg At 0.6xl0~ 3 s 

The force is in the direction of the initial velocity of the pellet. 

(e) In part (d) the force is averaged over the time a pellet is in contact with the wall, while 
in part (c) it is averaged over the time for many pellets to hit the wall. During the 
majority of this time, no pellet is in contact with the wall, so the average force in part (c) 
is much less than the average force in part (d). 


92. One approach is to choose a moving coordinate system which traveis the center of 
mass of the body, and another is to do a little extra álgebra analyzing it in the original 
coordinate system (in which the speed of the m = 8.0 kg mass is v 0 = 2 m/s, as given). 
Our solution is in terms of the latter approach since we are assuming that this is the 
approach most students would take. Conservation of linear momentum (along the 
direction of motion) requires 


mv 0 = m 1 v 1 +m 2 v 2 


(8.0)(2.0) = (4.0)v I+ (4.0)v 2 


which leads to v 2 = 4 - v l in SI units (m/s). We require 


AK = 


1 


— m,v. 2 + — m 9 v 2 
2 2 


-mv n 


16 = 


-(4.0)v 2 +-(4.0)v 


1 


(8.0) (2.0) 2 


which simplifies to v 2 = 16 - v\ in SI units. If we substitute for v 2 from above, we find 

(4-v 1 ) 2 = 16-v 1 2 

which simplifies to 2vf - 8Vj = 0 , and yields either vi = 0 or vi = 4 m/s. If vi = 0 then v 2 = 
4 - vi = 4 m/s, and if vi = 4 m/s then v 2 = 0. 

(a) Since the forward part continues to move in the original direction of motion, the speed 
of the rear part must be zero. 


(b) The forward part has a velocity of 4.0 m/s along the original direction of motion. 


93. (a) The initial momentum of the car is 

p. = mv. = (1400 kg) (5.3 m/s) j = (7400 kg - m/s)j 


and the final momentum is p f = (7400 kg - m/s)i. The impulse on it equals the change in 
its momentum: 

^ = J P / -Ã=(7.4xl0 3 N-s)(i-j). 

(b) The initial momentum of the car is p j — (7400kg m/s)i and the final momentum is 
p f = 0. The impulse acting on it is J = p f - p i . = (-7 . 4 x 1 0 3 N ■ s) i . 


(c) The average force on the car is 

Ap _ J __ 


^ vg Ar At 4.6 s 


(7400kgm/s)(i-j) 
[ ' =(1600N)i-j 


and its magnitude is F avg = (1600N) V2 = 2.3x1 0 3 N. 

(d) The average force is 

J (-7400kg-m/s)í , . ^ 

= — = ~ J ' = (-2.1 x 10 4 N i 

avg At 350xl0" 3 s v ' 

and its magnitude is F avg = 2.1 x 10 4 N. 

(e) The average force is given above in unit vector notation. Its x and y components have 
equal magnitudes. The x component is positive and the y component is negative, so the 
force is 45° below the positive x axis. 


94. We first consider the 1200 kg part. The impulse has magnitude J and is (by our 
choice of coordinates) in the positive direction. Let m\ be the mass of the part and Vi be 
its velocity after the bolts are exploded. We assume both parts are at rest before the 
explosion. Then J = nt\V\, so 


J 300 N s 


v, = 


! 1200 kg 


= 0.25 m/s. 


The impulse on the 1800 kg part has the same magnitude but is in the opposite direction, 
so - J = m 2 V2, where m 2 is the mass and v 2 is the velocity of the part. Therefore, 

J 300Ns , 

v, = = = -0.167 m/s. 

2 m 2 1800kg ; 


Consequently, the relative speed of the parts after the explosion is 


u = 0.25 m/s - (-0.167 m/s) = 0.417 m/s. 


95. We choose our positive direction in the direction of the rebound (so the ball's initial 
velocity is negative-valued v, = -5.2 m/s). 

(a) The speed of the bali right after the collision is 

1 V m V m V m V2 

(b) With m = 0.15 kg, the impulse-momentum theorem (Eq. 9-31) yields 

J = mv f -mv i = (0.15 kg)(3.7 m/s) -(0.15 kg)(-5.2 m/s) = 1.3 N-s. 

(c) Eq. 9-35 leads to F avg = J/At = 1.3/0.0076 = 1.8 x IO 2 N. 


96. Let m c be the mass of the Chrysler and v c be its velocity. Let be the mass of the 
Ford and v/be its velocity. Then the velocity of the center of mass is 

_ m c v c +m f v f _ (2400 kg)(80 km / h) + (1600 kg)(60 km / h) _ 
Vcom ~ m c +m f ~ 2400 kg + 1600 kg ~ m 


We note that the two velocities are in the same direction, so the two terms in the 
numerator have the same sign. 


97. Let mf be the mass of the freight car and Vf be its initial velocity. Let mc be the mass 
of the caboose and v be the common final velocity of the two when they are coupled. 
Conservation of the total momentum of the two-car system leads to 


mFVF = (mp + mc)v => v = v F m F j(m F +m c ) . 


The initial kinetic energy of the system is 


v 1 2 


and the final kinetic energy is 


-2 2 


1 m 2 F v 2 F 


K f =—{m F +m c )v 2 =—{m F +m c )- 

2 2 (m F +m c ) 2(m F +m c ) 


Since 27% of the original kinetic energy is lost, we have K/= 0.73ÍQ. Thus, 


2. .2 


1 m F v j 

2 (m F +m c ) 


= (0.73) 


Simplifying, we obtain m F j{m F +m c ) = 0.73, which we use in solving for the mass of the 
caboose: 

0.27 


0.73 


m F =0.31m F =(0.37) (3.1 8 x 10 4 kg) = 1.18 x IO 4 kg. 


98. The fact that they are connected by a spring is not used in the solution. We use Eq. 
9-17 for v com : 

Mv com = m 1 v 1 + m 2 v 2 =(1.0kg)(l.7 m/s) + (3.0kg)v 2 

which yields |v 2 | = 0.57 m/s. The direction of v 2 is opposite that of Vj (that is, they are 
both headed towards the center of mass, but from opposite directions). 


99. No externai forces with horizontal components act on the cart-man system and the 
vertical forces sum to zero, so the total momentum of the system is conserved. Let m c be 
the mass of the cart, v be its initial velocity, and v c be its final velocity (after the man 
jumps off). Let m m be the mass of the man. His initial velocity is the same as that of the 
cart and his final velocity is zero. Conservation of momentum yields (m m + m c )v = m c v c . 
Consequently, the final speed of the cart is 

vK+"Q (2.3 m/s)(75kg + 39kg) 

v c = — = — = 6.7 m/ s. 

m c 39 kg 

The cart speeds up by 6.7 m/s - 2.3 m/s = + 4.4 m/s. In order to slow himself, the man 
gets the cart to push backward on him by pushing forward on it, so the cart speeds up. 


100. (a) We find the momentum p nr of the residual nucleus from momentum 
conservation. 


P ni =Pe+P v + Pnr => 0 = (-1 .2 x 1 0" 22 kg • nVs ) i + (-6.4 x 1 0^ kg • m/s) j + ^„ 


-23 


Thus, p nr = (1.2xl0~ 22 kg-m/s)i + (6.4xl0 Zi kg-m/s)j. Its magnitude is 


23 i 


p n r | = J( 1 .2 x 1 0" 22 kg ■ m/s ) 2 + ( 6 .4 x 1 0" 23 kg ■ m/s ) 2 = 1 .4 x 1 0" 22 kg -m/s. 


(b) The angle measured from the +x axis to p n r is 


6> = tan 1 


^6.4 x IO 23 kg- m/s A 


1.2 x IO" 22 kg -m/s 


= 28°. 


(c) Combining the two equations p = mv and K = \ mv , we obtain (with p = p nr and 

m = m n r ) 

n 2 (l.4xl0 -22 kg- m/sf 
2m 2(5.8xl0" 26 kg) 


101. The mass of each bali is m, and the initial speed of one of the balis is v 1( . = 2. 2 m/s. 
We apply the conservation of linear momentum to the x and y axes respectively. 


mv u — mv lf cos^ + mv 2f cos0 2 
0 = mv lf sm0 l -mv 2f sin# 2 

The mass m cancels out of these equations, and we are left with two unknowns and two 
equations, which is sufficient to solve. 

(a) The j-momentum equation can be rewritten as, using 0 2 = 60° and v 2f =1.1 m/s , 

v lf sin 3 = (1 . 1 m/s) sin 60° = 0.95 m/s. 

and the x-momentum equation yields 

v lf cos 0 X = (2.2 m/s) - (1 . 1 m/s) cos 60° = 1 .65 m/s. 

Dividing these two equations, we find tan#i= 0.576 which yields 9\ = 30°. We plug the 
value into either equation and find v lf ~ 1.9 m/s. 

(b) From the above, we have 0\ = 30°, measured clockwise from the +x-axis, or 
equivalently, -30°, measured counterclockwise from the +x-axis. 

(c) One can check to see if this an elastic collision by computing 

2 1 2K f 2 2 
— '- = v h and — ~ = v lf +v 2f 
m m 

and seeing if they are equal (they are), but one must be careful not to use rounded-off 
values. Thus, it is useful to note that the answer in part (a) can be expressed "exactly" as 

v lf =jv u *j3 (and of course v 2f =\v u "exactly" — which makes it clear that these two 
kinetic energy expressions are indeed equal). 


102. (a) We use Eq. 9-87. The thrust is 

Rv rei = Ma = (4.0xl0 4 kg)(2.0m/s 2 ) = 8.0xl0 4 N. 

(b) Since v re i = 3000 m/s, we see from part (a) that R~27 kg/s. 


103. The diagram below shows the situation as the incident bali (the left-most bali) 
makes contact with the other two. 



It exerts an impulse of the same magnitude on each bali, along the line that joins the 
centers of the incident bali and the target bali. The target balis leave the collision along 
those Unes, while the incident bali leaves the collision along the x axis. The three dotted 
Unes that join the centers of the balis in contact form an equilateral triangle, so both of the 
angles marked #are 30°. Let v 0 be the velocity of the incident bali before the collision 
and V be its velocity afterward. The two target balis leave the collision with the same 
speed. Let v represent that speed. Each bali has mass m. Since the x component of the 
total momentum of the three-ball system is conserved, 

mv 0 = m V + 2mv cos 0 

and since the total kinetic energy is conserved, 


1 2 1 , 

— mv n = —mV + 2 

2 0 2 


-mv 2 


We know the directions in which the target balis leave the collision so we first eliminate 
Vand solve for v. The momentum equation gives V= vo - 2v cos 0, so 


V 2 = v 2 - 4v 0 v cos 0 + 4v 2 cos 2 0 


and the energy equation becomes v 2 = v 2 - 4v 0 v cos 0 + 4v 2 cos 2 0 + 2v 2 . Therefore, 

2v n cos# 2(10 m/s)cos30° r ^ , 

v = °- ^ = — = 6.93 m/s. 

l + 2cos 2 # l + 2cos 2 30° ' 

(a) The discussion and computation above determines the final speed of bali 2 (as labeled 
in Fig. 9-83) to be 6.9 m/s. 

(b) The direction of bali 2 is at 30° counterclockwise from the +x axis. 

(c) Similarly, the final speed of bali 3 is 6.9 m/s. 


(d) The direction of bali 3 is at -30° counterclockwise from the +x axis. 


(e) Now we use the momentum equation to find the final velocity of bali 1: 

F = v 0 -2vcos#=10 m/s -2(6.93 m/s) cos 30°= -2.0 m/s. 
So the speed of bali 1 is | V j = 2.0 m/s. 

(f) The minus sign indicates that it bounces back in the -x direction. The angle is -180°. 


104. (a) We use Fig. 9-22 of the text (which treats both angles as positive-valued, even 
though one of them is in the fourth quadrant; this is why there is an explicit minus sign in 
Eq. 9-80 as opposed to it being implicitly in the angle). We take the cue bali to be body 1 
and the other bali to be body 2. Conservation of the x and the components of the total 
momentum of the two-ball system leads to: 

mvu = mv\f cos 6\ + mv2/COS 02 
0 = -mvi/sin 0\ + mv 2 /sin &i. 

The masses are the same and cancel from the equations. We solve the second equation for 
sin &í. 


. . v • a f3.50m/s^ 
sin O 2 = — — sin 9 X 


v 2/ 


V2.00m/sy 


sin22.0°= 0.656 


Consequently, the angle between the second bali and the initial direction of the first is &i 
= 41.0°. 

(b) We solve the first momentum conservation equation for the initial speed of the cue 
bali. 

v u =v iy cos6> +v 2/ cos<9 2 =(3.50 m/s) cos 22.0° + (2.00 m/s) cos 41.0° = 4.75 m/s . 

(c) With SI units understood, the initial kinetic energy is 

K = - mv f = l m (4.75) 2 = 1 Um 
' 2 2 

and the final kinetic energy is 

K f = ^mvl f +^mv 2 2f = ^-m((3.50) 2 +(2.00) 2 ) = Sim. 


Kinetic energy is not conserved. 


105. (a) We place the origin of a coordinate system at the center of the pulley, with the x 
axis horizontal and to the right and with the y axis downward. The center of mass is 
halfway between the containers, at x = 0 and y = £, where l is the vertical distance from 
the pulley center to either of the containers. Since the diameter of the pulley is 50 mm, 
the center of mass is at a horizontal distance of 25 mm from each container. 


(b) Suppose 20 g is transferred from the container on the left to the container on the right. 
The container on the left has mass m\ = 480 g and is at x\ = -25 mm. The container on 
the right has mass m 2 = 520 g and is at x 2 = +25 mm. The x coordinate of the center of 
mass is then 

_ m lXl +m 2 x 2 _ (480 g)(-25 mm) + (520 g)(25 mm) 
m l +m 2 480 g + 520g 


com 


The y coordinate is still í . The center of mass is 26 mm from the lighter container, along 
the line that joins the bodies. 

(c) When they are released the heavier container moves downward and the lighter 
container moves upward, so the center of mass, which must remain closer to the heavier 
container, moves downward. 

(d) Because the containers are connected by the string, which runs over the pulley, their 
accelerations have the same magnitude but are in opposite directions. If a is the 
acceleration of m 2 , then -a is the acceleration of m\. The acceleration of the center of 
mass is 

m,(-a) + m 2 a m 7 - m, 
a — — - — = a — 

"com u 

m x +m 2 m x + m 2 


We must resort to Newton' s second law to find the acceleration of each container. The 
force of gravity m\g, down, and the tension force of the string T, up, act on the lighter 
container. The second law for it is m\g - T = -mia. The negative sign appears because a 
is the acceleration of the heavier container. The same forces act on the heavier container 
and for it the second law is mjg - T= mia. The first equation gives T = m\g + m\a. This is 
substituted into the second equation to obtain m 2 g - m\g - m\a = m 2 a, so 

a = (m2 - m\)gl(m\ + mi). 

Thus, 


g{m 2 -m,) 2 _ (9.8 m/s 2 )(520 g-480 g) 2 


(r^+mj (480 g + 520g) 


= 1.6xl0~ 2 m/s 2 . 


The acceleration is downward. 


106. (a) The momentum change for the 0.15 kg object is 

Ap = (0.15)[2 i + 3.5 j -3.2 k- (5 i +6.5 j +4k)] = (-0.45 0Í - 0.45 0j - 1.08Ê) kgm/s. 

(b) By the impulse-momentum theorem (Eq. 9-31), J = Ap , we have 

J = (-0.450Í - 0.450] - 1.08k) Ns. 

-> -> -> 

(c) Newton' s third law implies J wa n = - Aaii (where Jbaii is the result of part (b)), so 

Jwaii = (0.450Í + 0.450] + 1.08k) Ns. 


107. (a) Noting that the initial velocity of the system is zero, we use Eq. 9-19 and Eq. 2- 
15 (adapted to two dimensions) to obtain 

3 4fâ>4(4õf) (0.002)' 

which has a magnitude of 0.745 mm. 

— > 

(b) The angle of d is 153° counterclockwise from +x-axis. 

(c) A similar calculation using Eq. 2-11 (adapted to two dimensions) leads to a center of 
mass velocity of v = 0.7453 m/s at 153°. Thus, the center of mass kinetic energy is 


K com = |(mi + m 2 )v 2 = 0.00167 J. 


108. (a) The change in momentum (taking upwards to be the positive direction) is 
Ap = (0.550kg)[(3m/s)j-(-12m/s)j ]= (+8.25 kgm/s) J . 

(b) By the impulse-momentum theorem (Eq. 9-31) J = Áp = (+8.25 N's) j . 

(c) By Newton' s third law, J c = - J h = (-8.25 N s) j . 


109. Using Eq. 9-67 and Eq. 9-68, we have after the collision 


m x -m 2 0.6mi 3 , , 

2m l 2m x i , . . . 

vi = — ; Vu = — — Vi, = n (4 m/s) . 

m l +m 2 1.4wi 7V 7 

1 2 

(a) During the (subsequent) sliding, the kinetic energy of block 1 íi/= ^ mi Vi is 

converted into thermal form (AE tb = jU k m x g d x ). Solving for the sliding distance d\ we 
obtain d x = 0.2999 m « 30 cm. 

(b) A very similar computation (but with subscript 2 replacing subscript 1) leads to block 
2's sliding distance d 2 = 3.332 m = 3.3 m. 


110. (a) Since the initial momentum is zero, then the final mo menta must add (in the 
vector sense) to 0. Therefore, with SI units understood, we have 

Ps =-P\-Pi =-w 1 v 1 -m 2 v 2 

= -(16.7x10" 27 )(6.00x10 6 Í)-(8.35x10" 27 )(-8.00x10 6 ]) 

= (-1.00xl0 19 í + 0.67xl0 19 j)kgm/s. 

(b) Dividing by = 11.7 x 10" 7 kg and using the Pythagorean theorem we find the 
speed of the third particle to be v 3 = 1.03 x IO 7 m/s. The total amount of kinetic energy is 

1 2.1 2.1 2 iin^i n-12 t 

— WjVj +— m 2 v 2 +— m 3 v 3 = 1.19 x 10 J. 


111. We use m\ for the mass of the electron and m,2 = 1840mi for the mass of the 
hydrogen atom. Using Eq. 9-68, 


2m, 


v 2/ = 


v u = 


m l + \S40m l 1841 


we compute the final kinetic energy of the hydrogen atom: 


^ 2/ =|(l840m 1 ) 


2 v» 
1841 


(1840) (4) 


1841 2 


(I840m 1 )v 1 2 1 . 


so we find the fraction to be (l840)(4)/l841 2 « 2.2 x 10" 3 , or 0.22%. 


112. We treat the car (of mass mi) as a "point-mass" (which is initially 1.5 m from the 
right end of the boat). The left end of the boat (of mass m 2 ) is initially at x = 0 (where the 
dock is), and its left end is at x = 14 m. The boafs center of mass (in the absence of the 
car) is initially atx = 7.0 m. We use Eq. 9-5 to calculate the center of mass of the system: 

mixi + m 2 x 2 _ (1500 kg)(14m- 1.5 m) + (4000 kg)(7 m) 
Xcom " m l + m 2 ~ 1500 kg + 4000 kg ^ " 8>5 m> 

In the absence of externai forces, the center of mass of the system does not change. Later, 
when the car (about to make the jump) is near the left end of the boat (which has moved 
from the shore an amount òx), the value of the system center of mass is still 8.5 m. The 
car (at this moment) is thought of as a "point-mass" 1 .5 m from the left end, so we must 
have 

ffltxi + m 2 x 2 _ (1500 kg)( &c + 1.5 m) + (4000 kg)(7 m + &c) 
Xcom " m x + m 2 ~ "" 1500kg + 4000kg " ' " " 8 - 5 m - 


Solving this for òx, we find òx = 3.0 m. 


1 13. By conservation of momentum, the final speed v of the sled satisfies 

(2900 kg) (250 m/s) = (2900 kg + 920 kg)v 
which gives v = 190 m/s. 


1 14. (a) The magnitude of the impulse is equal to the change in momentum: 


J=mv- m(-v) = 2mv = 2(0.140 kg)(7.80 m/s) = 2.18 kg - m/s 

(b) Since in the calculus sense the average of a function is the integral of it divided by the 
corresponding interval, then the average force is the impulse divided by the time At. 
Thus, our result for the magnitude of the average force is ImwlíSí. With the given values, 
we obtain 

_ 2(0.140 kg)(7.80 m/s) 
avg 0.00380 s 


115. (a) We locate the coordinate origin at the center of Earth. Then the distance r com of 
the center of mass of the Earth-Moon system is given by 


r 

- 


m M +m E 


where % is the mass of the Moon, me is the mass of Earth, and r M is their separation. 
These values are given in Appendix C. The numerical result is 

Í7.36X10 22 kg)Í3.82xl0 8 m) 

r =± 55 ^ Tl — ^ = 4.64xl0 6 m = 4.6xl0 3 km. 

com 7.36x1 0 22 kg + 5. 98x1 0 24 kg 

(b) The radius of Earth is R E = 6.37 x IO 6 m, so r com / R E =0.73 = 73% . 


116. Conservation of momentum leads to 


(900 kg)(1000 m/s) = (500 kg)(v shutt ie - 100 m/s) + (400 kg)(v shutt i e ) 

which yields v s huttie = 1055.6 m/s for the shuttle speed and v s h u tti e - 100 m/s = 955.6m/s 
for the module speed (ali measured in the frame of reference of the stationary main 
spaceship). The fractional increase in the kinetic energy is 

_ K í 1 _ (500 kg)(955.6 m/s) 2 / 2 + (400 kg)(l 055.6 m/s) 2 / 2 _ 1 Q _ 3 
X, ~ K t ~ (900kg)(1000m/s) 2 /2 ~ ' X 


117. (a) The thrust is i?v re i where v re i = 1200 m/s. For this to equal the weight Mg where 
M= 6100 kg, we must have R = (6100) (9.8)/1200 « 50 kg/s. 

(b) Using Eq. 9-42 with the additional effect due to gravity, we have 

Rv tel -Mg = Ma 

so that requiring a = 21 m/s 2 leads to R = (6100)(9.8 + 21)71200 = 1.6 x IO 2 kg/s. 


118. We denote the mass of the car as M and that of the sumo wrestler as m. Let the 
initial velocity of the sumo wrestler be v 0 > 0 and the final velocity of the car be v. We 
apply the momentum conservation law. 

(a) From mv 0 = (M + m)v we get 

v = JgL= (242 kgX5.3m/.) = 
M + m 2140kg + 242kg 

(b) Since v re i = v 0 , we have 

mv 0 = Mv + m(v + v Tel ) = mv 0 + (M + m)v, 

and obtain v = 0 for the final speed of the flatcar. 

(c) Now mvo = Mv + m(v- v re i), which leads to 

m{v 0 +v rel ) (242 kg)(5.3 m/s + 5.3m/s) 

v = — = = 1.1 ml s. 

m+M 242 kg + 2140kg 


119. (a) Each block is assumed to have uniform density, so that the center of mass of 
each block is at its geometric center (the positions of which are given in the table [see 
problem statement] at t = 0). Plugging these positions (and the block masses) into Eq. 9- 
29 readily gives x com = -0.50 m (at t = 0). 

(b) Note that the left edge of block 2 (the middle of which is still at x = 0) is at x = -2.5 
cm, so that at the moment they touch the right edge of block 1 is at x = -2.5 cm and thus 
the middle of block 1 is at x = -5.5 cm. Putting these positions (for the middles) and the 
block masses into Eq. 9-29 leads to x com = -1.83 cm or -0.018 m (at t = (1.445 m)/(0.75 
m/s) = 1.93 s). 

(c) We could figure where the blocks are at t = 4.0 s and use Eq. 9-29 again, but it is 
easier (and provides more insight) to note that in the absence of externai forces on the 
system the center of mass should move at constant velocity: 


miVj + m 2 V2 
nii + m 2 


Vcom = ~ — ~. = 0.25 m/s í 


as can be easily verified by putting in the values at t = 0. Thus, 

Xcom = x com initiai + Vc 0m t = (-0.50 m) + (0.25 m/s)(4.0 s) = +0.50 m 


120. (a) Since the center of mass of the man-balloon system does not move, the balloon 
will move downward with a certain speed u relative to the ground as the man climbs up 
the ladder. 

(b) The speed of the man relative to the ground is v g = v - u. Thus, the speed of the center 
of mass of the system is 

mv - Mu m(v -u)- Mu 

v com = — = — = 0. 

M+m M+m 

This yields 

a= ^ = (80kg)(2.5m/s) = 0 50 m/s 
M + m 320 kg + 80 kg 

(c) Now that there is no relative motion within the system, the speed of both the balloon 
and the man is equal to v com , which is zero. So the balloon will again be stationary. 


121. Using Eq. 9-67, we have after the elastic collision 

m l -m 2 -200 g i 

Vi f = — ; vu = ™ n v u = -t(3.00 m/s) = - 1.00 m/s . 

7 m l +m 2 600 g «3^ ' 

(a) The impulse is therefore 

J= m x v xf - wiVií = (0.200 kg)(-1.00 m/s) - (0.200 kg)(3.00 m/s) = - 0.800 N s 
= - 0.800 kgm/s, 

or | J| =-0.800 kgm/s. 

(b) For the completely inelastic collision Eq. 9-75 applies 


vi/- = F= m ' Vi,- = +1.00 m/s 
7 m\+ m,2 


Now the impulse is 


J= m x v xf - wjVk = (0.200 kg)(1.00 m/s ) - (0.200 kg)(3.00 m/s) = 0.400 Ns 
= 0.400 kg m/s. 


122. We use Eq. 9-88 and simplify with V/- v,- = Av, and v re i = u 

M 


V f~ V i = V rcl 111 


K M fJ 


If Av = 2.2 m/s and u = 1000 m/s, we obtain — Mf = 1 - e 0 0022 - 0.0022. 


123. This is a completely inelastic collision, followed by projectile motion. In the 
collision, we use momentum conservation. 

Ãhoe S =Ão gether => (3.2kg)(3.0m/s) = (5.2kg)v 

Therefore, v = 1.8 m/s toward the right as the combined system is projected from the 
edge of the table. Next, we can use the projectile motion material from Ch. 4 or the 
energy techniques of Ch. 8; we choose the latter. 

^edge + ^edge = ^floor + ^floor 

|(5.2 kg)(1.8 m/s) 2 +(5.2 kg) (9.8 m/s 2 )(0.40 m) = ^ floor +0 
Therefore, the kinetic energy of the system right before hitting the floor is ^fi 00 r = 29 J. 


124. We refer to the discussion in the textbook (Sample Problem 9-10, which uses the 
same notation that we use here) for some important details in the reasoning. We choose 
rightward in Fig. 9-21 as our +x direction. We use the notation v when we refer to 
velocities and v when we refer to speeds (which are necessarily positive). Since the 
álgebra is fairly involved, we find it convenient to introduce the notation Am = mi - m\ 
(which, we note for later reference, is a positive-valued quantity). 

(a) Since v,, = +. s j2gh l where h\ = 9.0 cm, we have 

m,-m ? Am , 

v lf = ■ v u = ■ ^2gh, 

m l + m 2 m 1 + m 2 

which is to say that the speed of sphere 1 immediately after the collision is 
v lf = (Am/(ffl, + m 2 ))-yj2gh~ l and that v lf points in the -x direction. This leads (by energy 

conservation m x gh Xf = \m x v\ f ) to 

.2 


' 2g 


Am 


m l +m 2 j 

With m\ = 50 g and mi = 85 g, this becomes h lf =0.60 cm . 
(b) Eq. 9-68 gives 

2m, 2m r- — — 

V 2f = V U = V 2 ^l 

m x +m 2 m x + m 2 
which leads (by energy conservation m 2 gh 2f = \m 2 v\ f ) to 


2 


V 7f 

2f 2g 


2m x 


\ 


2 


ym A +m 2 j 


With m\ = 50 g and m 2 = 85 g, this becomes h 2f ~ 4.9 cm 


(c) Fortunately, they hit again at the lowest point (as long as their amplitude of swing was 
"small" - this is further discussed in Chapter 16). At the risk of using cumbersome 
notation, we refer to the next set of heights as Ai^and hiff. At the lowest point (before this 

second collision) sphere 1 has velocity +^2gh Xf (rightward in Fig. 9-21) and sphere 2 

has velocity -^2gh xf (that is, it points in the -x direction). Thus, the velocity of sphere 
1 immediately after the second collision is, using Eq. 9-75, 


m, — m, 
m x + m 2 


—Am 


m x + m 2 


1/ 


Am 


+ - 


2m n 


m, +m 2 


^m x + m 2 


(Am) 2 +4m l m 2 
{m x +m 2 ) 2 


2wt, 


m x + m 2 


2m, 


v m, + m 2 


This can be greatly simplified (by expanding (Am) 2 and (m\ + m-if) to arrive at the 
conclusion that the speed of sphere 1 immediately after the second collision is simply 

v xff = -Jlgh^ and that v xff points in the -x direction. Energy conservation 
{m x gh Xff = \m x v 2 XIf } leads to 


vir 


h = 


= h x = 9.0 cm 


(d) One can reason (energy-wise) that h\ff=0 simply based on what we found in part (c). 
Still, it might be useful to see how this shakes out of the álgebra. Eq. 9-76 gives the 
velocity of sphere 2 immediately after the second collision: 


^^^^^ ~Yy^ ~¥W ( \ 

v 2 ff =—_ ^figÇ+^—^ 

m x +m 2 v m x + m 2 v v ' 


2m, 


m x +m 2 


Am 


^m x +m 2 


+ - 


Am 


m x +m 2 


—2m x 

yjn x +m 2 


which vanishes since (2m x )(Am) - (Am)(2m x ) = 0 . Thus, the second sphere (after the 
second collision) stays at the lowest point, which basically recreates the conditions at the 
start of the problem (so ali subsequent swings-and-impacts, neglecting friction, can be 
easily predicted - as they are just replays of the first two collisions). 


125. From mechanical energy conservation (or simply using Eq. 2-16 with a = g 
downward) we obtain 

v = Jígh = ^2(9.8 m/s 2 )(6.0 m) = 10.8 m/s 

for the speed just as the m = 3000-kg block makes contact with the pile. At the moment 

of "joining," they are a system of mass M = 3500 kg and speed V. With downward 

positive, momentum conservation leads to 

._ T/ _._ (3000)(10.8) Q . . 

mv = MV => V = 1 — = 9.3 ml s. 

3500 

Now this block-pile "object" must be rapidly decelerated over the small distance d = 
0.030 m. Using Eq. 2-16 and choosing +y downward, we have 

0 = V 2 +2ad =>a = — = -1440 

2(0.030) 

in SI units (m/s ). Thus, the net force during the decelerating process has magnitude 

Miai = 5.0 x IO 6 N. 


126. The momentum before the collision (with +x rightward) is 

(6.0 kg) (8.0 m / s) + (4.0 kg) (2.0 m/ s) = 56 kg ■ m/ s. 

(a) The total momentum at this instant is (6.0 kg) (6.4 m/ s) + (4.0 kg)v . Since this must 
equal the initial total momentum (56, using SI units), then we find v = 4.4 m/s. 

(b) The initial kinetic energy was 

|(6.0 kg) (8.0 m/s) 2 +^(4.0 kg) (2.0 m/s) 2 =200 J. 

The kinetic energy at the instant described in part (a) is 

|(6.0 kg) (6.4 m/s) 2 +^(4.0 kg) (4.4 m/s) 2 = 162 J. 

The "missing" 38 J is not dissipated since there is no friction; it is the energy stored in the 
spring at this instant when it is compressed. Thus, U e = 38 J. 


127. (a) The initial momentum of the system is zero, and it remains so as the electron and 
proton move toward each other. If p e is the magnitude of the electron momentum at some 
instant (during their motion) and p p is the magnitude of the proton momentum, then these 
must be equal (and their directions must be opposite) in order to maintain the zero total 
momentum requirement. Thus, the ratio of their momentum magnitudes is +1 . 

(b) With v e and v p being their respective speeds, we obtain (from the p e =p p requirement) 

m e Ve = m p Vp => v e /v p = m p /m e ~ 1830- 1.83 x 10. 

1 2 1 2 

(c) We can rewrite K = ^m\ as K = ^ p Im which immediately leads to 

K e /K p = m p /m e « 1830 « 1.83 x IO 3 . 

(d) Although the speeds (and kinetic energies) increase, they do so in the proportions 
indicated above. The answers stay the same. 


128. In the momentum relationships, we could as easily work with weights as with 
masses, but because part (b) of this problem asks for kinetic energy — we will find the 
masses at the outset: m, = 28 0 x 10 3 /9.8 = 2.86 x IO 4 kg and m 2 = 210 x 10 3 /9.8 = 2.14 x 
10 4 kg. Both cars are moving in the +x direction: v u = 1.52 m/s and v 2í = 0.914 m/s. 

(a) If the collision is completely elastic, momentum conservation leads to a final speed of 

v = _Ui 2_^l = i.26 m/s. 

m l + m 2 

(b) We compute the total initial kinetic energy and subtract from it the final kinetic 
energy. 

K-K f = i/nrá + |m 2 v 2 2 , -^(m { +m 2 )V 2 = 2.25x 10 3 J. 

(c) Using Eq. 9-76, we find 

2m, m 2 -m, . . 

v 2f = — v u H — -v 2i =1.61 m/s 

ffíj + m 2 m x + m 2 


(d) Using Eq. 9-75, we find 


129. Using Eq. 9-68 with m\ = 3.0 kg, vu = 8.0 m/s and v 2 /= 6.0 m/s, then 


2m, 


"2/- , "li 

m l + m 2 


leads to mi = M= 5.0 kg. 


130. (a) The center of mass does not move in the absence of externai forces (since it was 
initially at rest). 

(b) They collide at their center of mass. If the initial coordinate of P is x = 0 and the 
initial coordinate of Q is x = 1 .0 m, then Eq. 9-5 gives 

_ mixi + m 2 x 2 0 + (0.30kg)(1.0m) 
Xcom ~ mi + m 2 0.1 kg + 0.3 kg " 0,75 m> 

Thus, they collide at a point 0.75 m from P's original position. 


131. The velocities of m\ and mi just after the collision with each other are given by Eq. 
9-75 and Eq. 9-76 (setting v u = 0): 


2m 7 

v i f = r v i, 

m 1 + m 2 
m, -m, 

V 2f= V 2, 

m 1 + m 2 


After bouncing off the wall, the velocity of m 2 becomes -v 2 f. In these terms, the problem 
requires 


v lf = -v 2f 
2m 7 m 0 - m, 

^^ V 2,= —^ V 2, 


m l + m 2 m l + m 2 

which simplifies to 

2m 2 = -(m 2 -m x )^>m 2 


\\ 1 1 1 1 m\ = 6.6 kg, we have m 2 = 2.2 kg. 


132. Momentum conservation (with SI units understood) gives 

m x (v f -20) + (M-m x )v f = Mv t 

which yields 

M\j +20 mi m, 
V/ = ^ =Vi +20-^" =40 + 20(mi 

(a) The minimum value of V/ is 40 m/s, 

(b) The final speed V/ reaches a minimum as mi approaches zero. 

(c) The maximum value of v f is 60 m/s. 

(d) The final speed V/ reaches a maximum as mi approaches M 


133. By the principie of momentum conservation, we must have 

-» -» -» 

m\ Vi + m 2 v 2 + m 3 v 3 = 0, 

which implies 


m,v, +m,v, 

v 3 = — — 

m 3 


With 


= (0.500)(10.0 i + 12.0j) = 5.00 i + 6.00j 
m 2 v 2 = (0.750)(14.0)(cos 1 10° í + sin 1 10° j) = -3.59 í + 9.87 j 

(in SI units) and m 3 = m-m l -m 2 = (2. 65-0. 500-0. 750)kg = 1 .40 kg , we solve for 
v 3 andobtainv, =(-1.01 m/s) i + (- 11.3 m/s)j. 

(a) The magnitude of v 3 is | v 3 1= 1 1.4 m/s. 

(b) Its angle is 264.9°, which means it is 95.1° clockwise from the +x axis. 


134. Using Eq. 9-75 and Eq. 9-76, we find after the collision 


m x -m 2 2m 2 , 

(a) Vi/ = m _ L — Vu+ v * = (-3.8 m/s)i, and 


m\+ m 2 


m\+ m 2 


/u^ 2m ' m 2 -m l 
(b) v 2f = — - — vu + — v 2i = (7.2 m/s)i 


m\+ m 2 


135. We use Eq. 9-5. 


(a) The x coordinate of the center of mass is 

m\X\ + m 2 x 2 + WjX 3 + 0 + (4)(3) + 0 + (12)(-1) _ 

Xcom m l + m 2 + m 3 + m 4 mi + m 2 + m 3 + m 4 ' 

(b) The jcoordinate of the center of mass is 

_ m x y x + m z y 2 + m 3 y 3 + m 4 y 4 _ (2)(3) + 0 + (3)(-2) + 0 = 
■^ com mi + m 2 + m 3 + m 4 m\ + m 2 + + m 4 

(c) We now use Eq. 9-17: 

-> miVi+m 2 v 2 + m 3 v 3 + m 4 v 4 


com mi + m 2 + m 3 + m 4 

(2)(-9i) + (4)(6i)+(3)(6i)+(12)(-2i) 


0 

rri\ + m 2 + m 3 + m 4 


136. Let M = 22.7 kg and m = 3.63 be the mass of the sled and the cat, respectively. 
Using the principie of momentum conservation, the speed of the first sled after the cafs 
first jump with a speed of v j = 3.05 m/s is 


mv 

v, f = — ^ = 0.488 m/s. 

On the other hand, as the cat lands on the second sled, it sticks to it and the system (sled 
plus cat) moves forward with a speed 

mv 

v,,= ^ = 0.4205 m/s. 

f M + m 

When the cat makes the second jump back to the first sled with a speed V\, momentum 
conservation implies 

Mv 2ff = mv i + (M + m)v 2f = mv i + mv i = 2mv i 

which yields 

v =_^i = 0.975 m/s. 

2// M 

After the cat lands on the first sled, the entire system (cat and the sled) again moves 
together. By momentum conservation, we have 

(M + m)v lff = mv i + Mv lf = mv i + mv i = 2mv i 

or 

v = ' =0.841 m/s. 
ff M + m 

(a) From the above, we conclude that the first sled moves with a speed v lff = 0.841 m/s a 
after the cafs two jumps. 

(b) Similarly, the speed of the second sled is v 2 / / = 0.975 m/s. 


1 . The problem asks us to assume v com and co are constant. For consistency of units, we 
write 


v com = (85mi/h) 


^5280ft/mO 
60 min/h 


= 7480ft/min 


Thus, with Ax = 60 ft , the time of fiight is 


t = Ax/v com = (60 ft) /(7480 ft/min) = 0.00802 min . 
During that time, the angular displacement of a point on the balfs surface is 
6=(Ot = (1 800 rev/min) (0.00802 min) - 14 rev . 


2. (a) The second hand of the smoothly running watch turns through 2n radians during 
60 s . Thus, 

2n 

« = — = 0.105 rad/s. 
60 

(b) The minute hand of the smoothly running watch turns through 2tí radians during 
3600 s . Thus, 

fi> = -^- = 1.75xl0 -3 rad/s. 
3600 

(c) The hour hand of the smoothly running 12-hour watch turns through 2n radians 
during 43200 s. Thus, 

ú) = = 1.45 x IO" 4 rad/s. 

43200 


3. Applying Eq. 2-15 to the vertical axis (with +y downward) we obtain the free-fall time: 


1 2 2(10 m) , A 

Av = v 0v í + -gí =>í = 4 — f =1.4 s. 

0> 2 V 9.8 m/s 2 


Thus, by Eq. 10-5, the magnitude of the average angular velocity is 

(2.5 rev) (In rad/rev) . . , . 
(O mi = ^- = 1 1 rad/s. 


4. If we make the units explicit, the function is 

0 = (4.0 rad / s) t - (3.0 rad / s 2 ) t 2 + (l.O rad / s 3 ) t 


but generally we will proceed as shown in the problem — letting these units be understood. 
Also, in our manipulations we will generally not display the coefficients with their proper 
number of significant figures. 

(a) Eq. 10-6 leads to 

a = — Ut-3t 2 +t 3 ) = 4-6t + 3t 2 . 
dt y ' 

Evaluating this at t = 2 s yields Oh = 4.0 rad/s. 

(b) Evaluating the expression in part (a) at t = 4 s gives 0)4 = 28 rad/s. 

(c) Consequently, Eq. 10-7 gives 

flr «E = -JZ^-= 12 md/S • 

(d) AndEq. 10-8 gives 

d O) d 1 . „ „ , \ „ - 
a = — = — (4-6í + 3r ) = -6 + 6í. 
dt dt x ' 

Evaluating this at t = 2 s produces Cfe = 6.0 rad/s . 

(e) Evaluating the expression in part (d) at t = 4 s yields <X\ = 18 rad/s . We note that our 
answer for c^ vg does turn out to be the arithmetic average of Oi and C0\ but point out that 
this will not always be the case. 


5. The falling is the type of constant-acceleration motion you had in Chapter 2. The time 
it takes for the buttered toast to hit the floor is 


At = 



2(0.76 m) 
9.8 m/s 2 


= 0.394 s. 


(a) The smallest angle turned for the toast to land butter-side down is 
A# min = 0.25 rev = nl2 rad. This corresponds to an angular speed of 


^min 


A0„ 


At 


Ttll rad 
0.394 s 


= 4.0 rad/s. 


(b) The largest angle (less than 1 revolution) turned for the toast to land butter-side down 
is A# max = 0.75 rev = 3ff/2 rad. This corresponds to an angular speed of 

A# max 3^/2 rad 

&> = — — = = 12.0 rad/s. 

max At 0.394 s 


6. If we make the units explicit, the function is 

0 = 2.0 rad + (4.0 rad/s 2 ) t 2 + (2.0 rad/s 3 ) t 3 

but in some places we will proceed as indicated in the problem — by letting these units be 
understood. 

(a) We evaluate the function dat t = 0 to obtain # 0 = 2.0 rad. 

(b) The angular velocity as a function of time is given by Eq. 10-6: 

co = ^ = (8.0 rad/s 2 ) t + (6.0 rad/s 3 ) t 2 

which we evaluate at t = 0 to obtain a>a = 0. 

(c) For t = 4.0 s, the function found in the previous part is 

&> 4 = (8.0)(4.0) + (6.0)(4.0) 2 = 128 rad/s. 
If we round this to two figures, we obtain a>4 ~ 1.3 x 10 rad/s. 

(d) The angular acceleration as a function of time is given by Eq. 10-8: 

a = — = 8.0 rad/s 2 + (l2 rad/s 3 )t 
dt V ; 

which yields a 2 = 8.0 + (12)(2.0) = 32 rad/s 2 at t = 2.0 s. 

(e) The angular acceleration, given by the function obtained in the previous part, depends 
on time; it is not constant. 


7. (a) To avoid touching the spokes, the arrow must go through the wheel in not more 
than 

1 / 8 rev 
At = — = o.050 s. 
2.5 rev/ s 

20 cm 

The minimum speed of the arrow is thenv . = = 400 cm / s = 4.0 m/ s. 

0.050 s 


(b) No — there is no dependence on radial position in the above computation. 


8. (a) We integrate (with respect to time) the a= 6.0t 4 - 4.0t 2 expression, taking into 
account that the initial angular velocity is 2.0 rad/s. The result is 

co= 1.2 t 5 - 1.33 í 3 + 2.0. 

(b) Integrating again (and keeping in mind that 0 O = 1) we get 

#=0.20í 6 -0.33 t 4 + 2.0t+ 1.0 . 


9. We assume the sense of initial rotation is positive. Then, with ah = +120 rad/s and 0) = 
0 (since it stops at time t), our angular acceleration ("deceleration") will be negative- 
valued: a= - 4.0 rad/s 2 . 


(a) We apply Eq. 10-12 to obtain t. 

0-120 rad/s on 

co=co n + at => t ^ = 30s. 

0 -4.0 rad/s 2 

(b) And Eq. 10-15 gives 

0 = i(<y o + <y)í = i(12O rad/s + 0)(30 s) = 1 .8xl0 3 rad. 

Alternatively, Eq. 10-14 could be used if it is desired to only use the given information 
(as opposed to using the result from part (a)) in obtaining 0. If using the result of part (a) 
is acceptable, then any angular equation in Table 10-1 (except Eq. 10-12) can be used to 
fíndft 


10. (a) We assume the sense of rotation is positive. Applying Eq. 10-12, we obtain 

(3000-1200) rev/min 


co= co 0 + at 


a = 


(12/60) min 


= 9.0x10' rev/min' 


(b) AndEq. 10-15 gives 


0 = I(tf> 0 + ca) t = ^(1200 rev/min + 3000 rev/min) 


12 

— min 

v 60 j 


= 4.2xl0 2 rev. 


1 1. (a) With co= O and a= - 4.2 rad/s 2 , Eq. 10-12 yields t = -coJa= 3.00 s. 
(b) Eq. 10-4 gives 0- 0 O = - a£ 1 2a = 18.9 rad. 


12. We assume the sense of rotation is positive, which (since it starts from rest) means ali 
quantities (angular displacements, accelerations, etc.) are positive-valued. 

(a) The angular acceleration satisfies Eq. 10-13: 

25 rad = ^a(5.0 s) 2 => a = 2.0 rad/s 2 . 

(b) The average angular velocity is given by Eq. 10-5: 

A0 25rad çn 

= = = 5.0 rad / s. 

avg At 5.0 s 

(c) Using Eq. 10-12, the instantaneous angular velocity at t = 5.0 s is 

<»=(2.0 rad/s 2 )(5.0 s) =10 rad/s . 

(d) According to Eq. 10-13, the angular displacement at t = 10 s is 


d = ú) 0 +^at 2 =0 + 1(2.0 rad/s- ) (10 s) : = 1 00 rad. 


Thus, the displacement between t = 5 s and t= 10sisA#= 100 rad - 25 rad = 75 rad. 


13. We take t = O at the start of the interval and take the sense of rotation as positive. 
Then at the end of the í = 4.0s interval, the angular displacement is 6- a> Q t + j(Xt 2 . We 
solve for the angular velocity at the start of the interval: 

0-Lat 1 120rad -i(3.0rad/s 2 )(4.0s) 2 

0) n = = = 24 rad/s. 

0 t 4.0 s 

We now use co= coq + at (Eq. 10-12) to find the time when the wheel is at rest: 

f = _^ = _ 24 rad/s Q ^ 
a 3.0 rad/s 2 


That is, the wheel started from rest 8.0 s before the start of the described 4.0 s interval. 


14. (a)Eq. 10-13 gives 

6-e o =Oht + \m 2 = 0 +|(1.5 rad/s 2 )^ 2 
where #- # 0 = (2 rev)(2;r rad/rev). Therefore, = 4.09 s. 

(b) We can find the time to go through a Ml 4 rev (using the same equation to solve for a 
new time t 2 ) and then subtract the result of part (a) for t x in order to find this answer. 

(4 rev)(2;r rad/rev) = 0 + £(1.5 rad/s 2 )í 2 2 => h = 5.789 s. 
Thus, the answer is 5.789 s - 4.093 s « 1.70 s. 


15. The problem has (implicitly) specified the positive sense of rotation. The angular 
acceleration of magnitude 0.25 rad/s 2 in the negative direction is assumed to be constant 
over a large time interval, including negative values (for t). 


(a) We specify 0 max with the condition co = 0 (this is when the wheel reverses from 
positive rotation to rotation in the negative direction). We obtain 0 max using Eq. 10-14: 

co] (4.7 rad/s) 2 , 

0 = °- = = 44 rad. 

2a 2(-0.25 rad/s 2 ) 

(b) We find values for t\ when the angular displacement (relative to its orientation at t = 0) 
is 6\ = 22 rad (or 22.09 rad if we wish to keep track of accurate values in ali intermediate 
steps and only round off on the final answers). Using Eq. 10-13 and the quadratic formula, 
we have 

1 2 -co o ±Jco 2 o +20 x a 
0 X = coj x +-atí => t x = * l — 

2 a 

which yields the two roots 5.5 s and 32 s. Thus, the first time the reference line will be at 
0\ = 22 rad is t = 5.5 s. 

(c) The second time the reference line will be at 0\ = 22 rad is t = 32 s. 

(d) We find values for ti when the angular displacement (relative to its orientation at t = 0) 
is Bi = -10.5 rad. Using Eq. 10-13 and the quadratic formula, we have 


1 ^ -o) o ±^çol+20 2 a 

Cv l *i r t -) 


0 2 =co o t 2 +-at 2 

2 a 

which yields the two roots -2.1 s and 40 s. Thus, at t = -2.1 s the reference line will be at 
02 = -10.5 rad. 


(e) At t = 40 s the reference line will be at 6^ = -10.5 rad. 


(f) With radians and seconds understood, the graph of 0 versus t is shown below (with the 
points found in the previous parts indicated as small circles). 



16. The wheel starts turning from rest (ffib = 0) at t = O, and accelerates uniformly at a> O, 
which makes our choice for positive sense of rotation. At t\ its angular velocity is C0\ = 
+ 10 rev/s, and at h its angular velocity is Oh = +15 rev/s. Between t\ and it turns 
through A0 = 60 rev, where h-t\ = At. 

(a) We find «using Eq. 10-14: 


co\ = cuf + 2aÁ6> ^> a = 


(15 rev/s) 2 -(10 rev/s) 2 
2(60 rev) 


= 1.04 rev/s 2 


2 

which we round off to 1.0 rev/s . 


(b) We find At using Eq. 10-15: 


AO = + íy 2 ) At => Aí = 


2(60 rev) 


= 4.8 s. 


10 rev/s + 15 rev/s 


(c) We obtain íi using Eq. 10-12: (ú x — a> 0 + at x ^> íj = 


10 rev/s 


y = 9.6 s. 


1 .04 rev/s 


(d) Any equation in Table 10-1 involving 0 can be used to find 0\ (the angular 
displacement during 0 < t < t\); we select Eq. 10-14. 


17. The wheel has angular velocity cot) = +1.5 rad/s = +0.239 rev/s at í = 0, and has 
constant value of angular acceleration a < 0, which indicates our choice for positive 
sense of rotation. At t\ its angular displacement (relative to its orientation at t = 0) is 0\ = 
+20 rev, and at h its angular displacement is 02 = +40 rev and its angular velocity is 


oj 2 = 0 . 


(a) We obtain h using Eq. 10-15: 


n 1/ \ 2(40 rev) ooc 

6> =— (íy n + <u )f, ^> í, = — ^ = 335s 

2 2 V 0 1) 1 2 0.239 rev/s 

which we round off to t 2 ~ 3 .4x1 0 2 s . 

(b) Any equation in Table 10-1 involving acan be used to find the angular acceleration; 
we select Eq. 10-16. 

„ 1 2 2(40 rev) _ , . , __ 4 , 2 

0 ? =ú) ? L — at: ^> a = — r^- = -7.12x10 rev/s 

2 2 2 2 2 (335 s) 2 

which we convert to a= - 4.5 x 10~ 3 rad/s 2 . 

(c) Using 0 l = a> 0 t 1 + jOCtf (Eq. 10-13) and the quadratic formula, we have 

_ -ú) 0 ± ^a>l+20 x a _ -(0.239 rev/s) + ^(0.239 rev/s) 2 +2(20 rev)(-7.12xl0" 4 rev/s 2 ) 
1 ~ a -7.12xl0" 4 rev/s 2 


which yields two positive roots: 98 s and 572 s. Since the question makes sense only iít\ 
< t 2 we conclude the correct result is t\ = 98 s. 


18. Converting 33j rev/min to radians-per-second, we get 0) = 3.49 rad/s. Combining 

v-cor (Eq. 10-18) with At = d/v where At is the time between bumps (a distance d apart), 
we arrive at the rate of striking bumps: 

-1 = ^-199/8. 
At d 


19. We assume the given rate of 1.2 x 10 m/y is the linear speed of the top; it is also 
possible to interpret it as just the horizontal component of the linear speed but the 
difference between these interpretations is arguably negligible. Thus, Eq. 10-18 leads to 

1.2 X 10" 3 m/y „ in tn . 

co = - = 2.l8xl0 rad/y 

55 m 

which we convert (since there are about 3. 16 x IO 7 s in a year) to co= 6.9 x 10~ 13 rad/s. 


20. (a) Using Eq. 10-6, the angular velocity at t = 5. Os is 


dt 


í=5.0 


dt 


(0.30í 2 ) 


= 2(0.30)(5.0) = 3.0 rad/s. 


í=5.0 


(b) Eq. 10-18 gives the linear speed at t = 5. Os: v = ú)r = (3.0 rad/s)(10 m) = 30 m/s. 

(c) The angular acceleration is, from Eq. 10-8, 

a = — = — (0.60O = 0.60 rad / s 2 . 
dt dt 

Then, the tangential acceleration at t = 5. Os is, using Eq. 10-22, 

a t = ra = (1 0 m) (0.60 rad / s 2 ) = 6.0 m / s 2 . 

(d) The radial (centripetal) acceleration is given by Eq. 10-23: 

a r = co 2 r = (3.0 rad / s) 2 (l0 m) = 90 ml s 2 . 


21. (a) We obtain 

(200 rev/ min)(27T rad/ rev) „„„ 

co = = 20.9 rad / s. 

60 s/ min 

(b) With r = 1.20/2 = 0.60 m, Eq. 10-18 gives v = rco = (0.60 m)(20.9 rad/s) = 12.5 m/s. 

(c) With t = 1 min, co = 1000 rev/min and coo = 200 rev/min, Eq. 10-12 gives 

a= ° i ~ 0i ° =800 rev/min 2 . 

(d) With the same values used in part (c), Eq. 10-15 becomes 

0 = }-(co o + co)t = ^"(200 rev/min + 1000 rev/min)(1.0 min) = 600 rev. 


22. First, we convert the angular velocity: co = (2000 rev/min)(2;r/60) = 209 rad/s. Also, 
we convert the plane's speed to SI units: (480)( 1000/3600) = 133 m/s. We use Eq. 10-18 
in part (a) and (implicitly) Eq. 4-39 in part (b). 

(a) The speed of the tip as seen by the pilot isv, = cor - (209 rad/s) (1.5 m) = 3 14 m/s , 
which (since the radius is given to only two significant figures) we write as 
v t = 3.1xl0 2 m/s. 

(b) The plane's velocity v p and the velocity of the tip v t (found in the plane's frame of 

reference), in any of the tip's positions, must be perpendicular to each other. Thus, the 
speed as seen by an observer on the ground is 



23. (a) Converting from hours to seconds, we find the angular velocity (assuming it is 
positive) from Eq. 10-18: 

v Í2.90X10 4 km/h) (1.000 h/3600 s) 

a> = - = ± - = 2.50x10 rad/s. 

r 3.22xl0 3 km 

(b) The radial (or centripetal) acceleration is computed according to Eq. 10-23: 

a r = w 2 r = (2.50x1 0 -3 rad/s) 2 (3.22x1 0 6 m) = 20.2m/s 2 . 

(c) Assuming the angular velocity is constant, then the angular acceleration and the 
tangential acceleration vanish, since 

a = - 0 and a, -ra- 0. 
dt 


24. The function 0 = Çe l3t where Ç = 0.40 rad and j8 = 2 s 1 is describing the angular 
coordinate of a line (which is marked in such a way that ali points on it have the same 
value of angle at a given time) on the object. Taking derivatives with respect to time 

Zpef* and ff = #?V*. 


leads to â § 


d 1 0 

(a) Using Eq. 10-22, we have a t =ar = ~r r = 6-4 cm / s 


(b) Using Eq. 10-23, we get a r = co 2 r = 


dt 


r = 2.6 cm/ s 


25. (a) The upper limit for centripetal acceleration (same as the radial acceleration - see 
Eq. 10-23) places an upper limit of the rate of spin (the angular velocity co) by 
considering a point at the rim (r = 0.25 m). Thus, co mãX = ^[ã/r = 40 rad/s. Now we apply 
Eq. 10-15 to first half of the motion (where tób = 0): 

0- 0 O = \ (úJo + co)t => 400 rad = \{<ò + 40 rad/s)/ 1 

which leads to t = 20 s. The second half of the motion takes the same amount of time 
(the process is essentially the reverse of the first); the total time is therefore 40 s. 

(b) Considering the first half of the motion again, Eq. 10-11 leads to 


40 rad/s 

co= a>o+ at => a = ~~2Õ~s~ = 2.0 rad/s 


2 


26. (a) The tangential acceleration, using Eq. 10-22, is 

a t =ar = (U2 rad/s 2 )(2.83 cm) = 40.2 cm/s 2 . 

(b) In rad/s, the angular velocity is (0 = (2760)(27t/60) = 289 rad/s, so 

a r = co 2 r = (289 rad/s) 2 (0.0283 m) = 2.36xl0 3 m/s 2 . 

(c) The angular displacement is, using Eq. 10-14, 

„ co 2 (289 rad/s) 2 „ , J 

# = — = - V = 2 -94xl0 3 rad. 

2a 2(14.2 rad/s 2 ) 

Then, using Eq. 10-1, the distance traveled is 

s = rd= (0.0283 m) (2.94 x IO 3 rad) = 83.2 m. 


27. (a) In the time light takes to go from the wheel to the mirror and back again, the 

—2 

wheel turns through an angle of 0= 27t/500 = 1.26 x 10 rad. That time is 

21 2(500 m) „ „ „ , „_ 6 

t = — = ^ = 3.34 x 10 6 s 

c 2.998 x IO 8 m/s 

so the angular velocity of the wheel is 

0 1.26x1 0" 2 rad on , J# 

o = - = t — = 3.8xl0 3 rad/s. 

t 3.34 xl O" 6 s 


(b) If r is the radius of the wheel, the linear speed of a point on its rim is 
v = 6>r = (3.8xl0 3 rad/s) (0.050 m) = 1.9x IO 2 m/s. 


28. (a) The angular acceleration is 

Aco 0-150 rev /min , , _ . . 2 

a = = = -1.14 rev /min . 

At (2.2 h)(60min/lh) 

(b) Using Eq. 10-13 with t = (2.2) (60) = 132 min, the number of revolutions is 

0 = ú) o t + ^at 2 =(150 rev/min)(132 min) + ^-(-1.14 rev/min 2 )(l32min) 2 =9.9xl0 3 rev. 

(c) With r = 500 mm, the tangential acceleration is 


a t -or- (-1.14 rev/ min 2 ) 


r 27irad^l 

1 min 

t 1 rev J 

v 60 s J 


(500 mm) 


which yields a t = -0.99 mm/s . 


(d) The angular speed of the flywheel is 

co = (75 rev/min)(27trad/rev)(l min/ 60 s) = 7.85 rad/s. 
With r = 0.50 m, the radial (or centripetal) acceleration is given by Eq. 10-23: 

a r = co 2 r = (7.85 rad/s) 2 (0.50 m) « 31 m/s 2 
which is much bigger than a,. Consequently, the magnitude of the acceleration is 

\a\ = -Jõf+af ~ a r - 31 m/s 2 . 


29. (a) Earth makes one rotation per day and 1 d is (24 h) (3600 s/h) = 8.64 x 10 4 s, so the 


angular speed of Earth is 


2rcrad „ „ , 

« = — = 7.3xl0~ 5 rad/s. 

8.64xl0 4 s 


(b) We use v = cor, where r is the radius of its orbit. A point on Earth at a latitude of 40° 
moves along a circular path of radius r = R cos 40°, where R is the radius of Earth (6.4 x 
IO 6 m). Therefore, its speed is 

v = co(R cos 40°) = (7.3x1 0" 5 rad/s)(6.4xl0 6 m)cos40° = 3.5x1 0 2 m/s. 

(c) At the equator (and ali other points on Earth) the value of co is the same (7.3 x 10~ 5 
rad/s). 

(d) The latitude is 0 o and the speed is 


v = coR = (7.3xl0~ 5 rad/s)(6.4xl0 6 m) = 4.6xl0 2 m/s. 


30. Since the belt does not slip, a point on the rim of wheel C has the same tangential 
acceleration as a point on the rim of wheel A. This means that (XaVa = cxcfc, where (Xa is 
the angular acceleration of wheel A and (Xc is the angular acceleration of wheel C. Thus, 


( \ 


10 cm 


a c = 


Vc) 

^25 cm y 


(1.6 rad/s 2 ) = 0.64 rad/s 2 


Since the angular speed of wheel C is given by 0)c = ccd, the time for it to reach an 
angular speed of co= 100 rev/min = 10.5 rad/s starting from rest is 


t = • 


CÕ r 


10.5 rad/s 


a c 0.64 rad / s 


= 16 s. 


3 1 . (a) The angular speed in rad/s is 


O) = 


f 1 , . ^ ( 2n rad / rev 


33 — rev/ min 
3 


60 s / min 


3.49 rad/s. 


Consequently, the radial (centripetal) acceleration is (using Eq. 10-23) 
a = ú) 2 r = (3.49 rad/ s) 2 (6.0 x IO" 2 m) = 0.73 m/s 2 . 

(b) Using Ch. 6 methods, we have ma =f s < f s ,max = /4 mg, which is used to obtain the 
(minimum allowable) coefficient of friction: 

a 0.73 n nnc 

u = — = = 0.075. 

' g 9.8 

(c) The radial acceleration of the object is a r = (ê r, while the tangential acceleration is a t 
= ar. Thus, 


\ã\=yja 2 +a 2 = ^{a> 2 r) 2 +{ar) 2 = r^O) A + 


a 


If the object is not to slip at any time, we require 


f = U mg = ma = mrj CO A + Oí 2 

J s,max r*s o max V max 


Thus, since a= cdt (from Eq. 10-12), we find 


_ ryK x +a 2 _ r>l x +(^ max /0~ _ (0.060)V3.49 4 + (3.4/0.25) 2 _ Q n 


g 


g 


9.8 


32. (a) A complete revolution is an angular displacement of A0= Inraà, so the angular 
velocity in rad/s is given by 00 = Á0/T= ItíIT. The angular acceleration is given by 


doo _ _ 2n dT 
dt T 2 dt 


For the pulsar described in the problem, we have 

dT _ 1.26 X IO" 5 s/y 

Therefore, 


dt 3.16X10 7 s/y 


= 4.00x10 


a = 


2% 


(0.033 s) 2 


(4.00 xl0^ 13 ) = -2.3 xl0~ 9 rad/s 2 


The negative sign indicates that the angular acceleration is opposite the angular velocity 
and the pulsar is slowing down. 

(b) We solve co = coo + Oít for the time t when co=0: 


t _ co 0 _ 2k _ 


2k 


= 8.3xl0 10 s-2.6xlO j years 


a aT (-2.3xl0- y rad/s 2 )(0.033 s) 


(c) The pulsar was born 1992-1054 = 938 years ago. This is equivalent to (938 y)(3.16 x 
IO 7 s/y) = 2.96 x 10 10 s. Its angular velocity at that time was 

2tt 9 te 

ú) = oo n +at + — + at = + (-2.3xl0~ 9 rad/s 2 )(-2.96x 10 10 s) = 258 rad/s. 

T 0.033 s 


Its period was 


T = 


2n 


2n 


oo 258 rad/s 


= 2.4xl0" 2 s. 


33. The kinetic energy (in J) is given by K = \Ico 2 , where / is the rotational inertia (in 
kg - m 2 ) and ítfis the angular velocity (in rad/s). We have 


(602 rev/min)(27trad/rev) 
co = - - = 63.0 rad/s. 


60 s/ min 
Consequently, the rotational inertia is 


T 2K 2(24400 J) .... 2 

/ = — ; r = — V = 12.3 kg m . 

« 2 (63.0 rad/s) 2 


34. (a) Eq. 10-12 implies that the angular acceleration a should be the slope of the co vs t 
graph. Thus, a= 9/6 = 1.5 rad/s . 

(b) By Eq. 10-34, K is proportional to cJ. Since the angular velocity at t = 0 is -2 rad/s 
(and this value squared is 4) and the angular velocity at t = 4 s is 4 rad/s (and this value 
squared is 16), then the ratio of the corresponding kinetic energies must be 

^ = => K 0 =%K 4 = 0.40 J . 


2 

35. We use the parallel axis theorem: / = 7 com + Mh , where 7 com is the rotational inertia 
about the center of mass (see Table 10-2(d)), M is the mass, and h is the distance between 
the center of mass and the chosen rotation axis. The center of mass is at the center of the 
meter stick, which implies h = 0.50 m - 0.20 m = 0.30 m. We find 

= \^ MÚ =li(°- 56 k sX L0 m) 2 =4.67xl0 2 kg-m 2 . 
Consequently, the parallel axis theorem yields 


/ = 4.67xl0~ 2 kg-m 2 + (0.56 kg)(0.30 m) 2 = 9.7xl0~ 2 kg m 2 . 


36. (a)Eq. 10-33 gives 


-/total = fnd 2 + m(2d) 2 + m(3df =14 md 2 . 

If the inneraiost one is removed then we would only obtain m(2df + m(3d) 2 =13 md 2 . 
The percentage difference between these is (13 - 14)/14 = 0.0714 ~ 7.1%. 

(b) If, instead, the outermost particle is removed, we would have md 2 + m(2d) 2 = 5 md 2 . 
The percentage difference in this case is 0.643 = 64%. 


37. Since the rotational inertia of a cylinder is I -\MR 2 (Table 10-2(c)), its rotational 
kinetic energy is 

K = -Ico 2 = -MR 2 co 2 . 
2 4 

(a) For the smaller cylinder, we have = |(1.25)(0.25) 2 (235) 2 = 1.1 x IO 3 J. 

(b) For the larger cylinder, we obtain K = |(1.25)(0.75) 2 (235) 2 = 9.7 x IO 3 J. 


38. The parallel axis theorem (Eq. 10-36) shows that / increases with h. The phrase "out 
to the edge of the disk" (in the problem statement) implies that the maximum h in the 
graph is, in fact, the radius R of the disk. Thus, R = 0.20 m. Now we can examine, say, 
the h = 0 datum and use the formula for 7 com (see Table 10-2(c)) for a solid disk, or 
(which might be a little better, since this is independent of whether it is really a solid disk) 
we can the difference between the h = 0 datum and the h = h ma , x =R datum and relate that 
difference to the parallel axis theorem (thus the difference is M(A max ) 2 = 0.10 kg-m 2 ). In 
either case, we arrive at M= 2.5 kg. 


39. The particles are treated "point-like" in the sense that Eq. 10-33 yields their rotational 
inertia, and the rotational inertia for the rods is figured using Table 10-2(e) and the 
parallel-axis theorem (Eq. 10-36). 

(a) With subscript 1 standing for the rod nearest the axis and 4 for the particle farthest 
from it, we have 


I = I l +I 2 +I 3 +I 4 = 


1 ^,2 


12 


Md +M 


-d 


+ md + 


J 


12 


-Md 2 +M 


\2 j 


2^ 


+ m(2d) 2 


= -Md 2 +5md 2 =-(1.2 kg)(0.056 m) 2 +5(0.85 kg)(0.056 m) 2 


8 

3" 


=0.023 kg m 2 . 
(b) Using Eq. 10-34, we have 


K= -Ico 2 = 
2 

= l.lxl0 -3 J. 


— Mh — m 

3 2 j 


d 2 co 2 = 


|(1.2kg) + |(0.85 kg) 


(0.056 m) 2 (0.30 rad/s) 2 


40. (a) We show the figure with its axis of rotation (the 
thin horizontal line). 


We note that each mass is r = 1.0 m from the axis. 
Therefore, using Eq. 10-26, we obtain 


I = ^mtf =4 (0.50 kg) (1.0 m) 2 =2.0 kg m 2 . 

(b) In this case, the two masses nearest the axis are r = 1 .0 m away from it, but the two 
furthest from the axis are r = ^(1.0 m) 2 +(2.0 m) 2 from it. Here, then, Eq. 10-33 leads to 

I = £ mtf = 2(0.50 kg) (l.O m 2 ) + 2(0.50 kg) (5.0 m 2 ) = 6.0 kg ■ m 2 . 

(c) Now, two masses are on the axis (with r = 0) and the other two are a distance 
r = -y/(1.0 m) 2 + (1.0 m) 2 away. Now we obtain I = 2.0 kg ■ m 2 . 


41. We use the parallel-axis theorem. According to Table 10-2(i), the rotational inertia of 
a uniform slab about an axis through the center and perpendicular to the large faces is 
given by 


A parallel axis through the corner is a distance h = *J(a/2) 2 +(b/2) 2 from the center. 
Therefore, 

/ = (^ 2 ) + y (« 2 +* 2 ) = f (« a +* a ) 

= °' 17 3 2 kg [(0.035 m) 2 + (0.084 m) 2 ] 
= 4.7xl0~ 4 kgm 2 . 


42. (a) Consider three of the disks (starting with the one at point O): ©00 . The first one 
(the one at point O - shown here with the plus sign inside) has rotational inertial (see 

1 2 

item (c) in Table 10-2) /= ^ mR . The next one (using the parallel-axis theorem) has 

I = \ tnR 2 + mh 2 

12 2 

where h = 2R. The third one has / = ^mR + m(4R) . If we had considered five of the 
disks 00000 with the one at O in the middle, then the total rotational inertia is 

/= 5(\mR 2 ) + 2(m(2R) 2 + m(4R) 2 ). 

The pattern is now clear and we can write down the total / for the collection of fifteen 
disks: 

/= \5^mR 2 ) + 2(m(2R) 2 + m(4R) 2 + m(6R) 2 + ... + m(\4R) 2 ) = ^ 1 mR 2 . 
The generalization to TV disks (where jV is assumed to be an odd number) is 

/= fa-N 1 + \)NmR 2 . 
In terms of the total mass (m = M/15) and the total length (R = L/30), we obtain 

/= 0.0835 \9ML 2 ~ (0.08352)(0. 1000 kg)(l. 0000 m) 2 = 8.352 xlO" 3 kg m 2 . 


(b) Comparing to the formula (e) in Table 10-2 (which gives roughly / =0.08333 ML 2 ), 
we find our answer to part (a) is 0.22% lower. 


43. (a) Using Table 10-2(c) and Eq. 10-34, the rotational kinetic energy is 


1 


K = -Ico 2 =- 
2 2 


1 


-MR 


co 2 =^(500kg)(200^- rad/s) 2 (1.0m) 2 =4.9xl0 7 J. 


(b) We solve P = Kit (where P is the average power) for the operating time t. 

K 4.9xl0 7 J 


P 8.0xl(TW 


= 6.2xlO j s 


which we rewrite as t ~ 1 .0 x IO 2 min. 


44. (a) We apply Eq. 10-33: 

4 r i 

I x ='£m i yt= 50(2.0) 2 +(25)(4.0) 2 +25(-3.0) 2 +30(4.0) 2 g-cm 2 =1.3xl0 3 g-cm 2 

i=i 

(b) For rotation about the y axis we obtain 

4 

I y ,=^m t xf =50(2.0) 2 + (25) (0) 2 +25 (3.0) 2 +30(2.0) 2 = 5.5xl0 2 g-cm 2 . 


í=i 


(c) And about the z axis, we find (using the fact that the distance from the z axis is 

yl* 2 +y 2 ) 


I z = Y, m i{ x ?+y?) = I x +I y =1.3xl0 3 +5.5xl0 2 =1.9xl0 2 g-cm 2 

i=i 

(d) Clearly, the answer to part (c) is A + B. 


45. Two forces act on the bali, the force of the rod and the 
force of gravity. No torque about the pivot point is associated 
with the force of the rod since that force is along the line from 
the pivot point to the bali. As can be seen from the diagram, 
the component of the force of gravity that is perpendicular to 
the rod is mg sin 0. If í is the length of the rod, then the 
torque associated with this force has magnitude 


T = mglún6= (0.75)(9.8)(1.25)sin30°= 4.6 N-m. 


For the position shown, the torque is counter-clockwise. 


46. We compute the torques using x = rF sin (/). 

(a) For ^ = 30°, T a = (0.152 m)(l 1 1 N)sin30° = 8.4 N 

(b) For ^ = 90°, T b = (0.152 m)(lllN)sin90° = 17 N- 

(c) For ^ = 180°, T c = (0.152 m)(l 1 1 N) sin 1 80° = 0 . 


47. We take a torque that tends to cause a counterclockwise rotation from rest to be 
positive and a torque tending to cause a clockwise rotation to be negative. Thus, a 
positive torque of magnitude r\ F\ sin 0\ is associated with F[ and a negative torque of 
magnitude r^Fi sin é% is associated with F 2 . The net torque is consequently 

T = r x F x sin 6 X - r 2 F 2 sin 0 2 . 

Substituting the given values, we obtain 

T = (1 .30 m)(4.20 N) sin 75 ° - (2. 1 5 m)(4.90 N) sin 60° = -3 .85 N ■ m. 


48. The net torque is 


7 = T A + T B + T C = F A r A SÍn 0A ~ F B r B SÍn 4>B + F C T C SÍn 0C 

= (1 0)(8 .0) sin 1 35° - (1 6)(4.0) sin 90° + (1 9)(3 .0) sin 1 60° 
= 12N-m. 


49. (a) We use the kinematic equation co = co 0 + at , where a>o is the initial angular 

velocity, co is the final angular velocity, a is the angular acceleration, and t is the time. 
This gives 

co-co n 6.20rad/s „„„ , 

a = °- = ^ = 28.2 rad/s 2 . 

t 220xl(T 3 s 


(b) If / is the rotational inertia of the diver, then the magnitude of the torque acting on her 
is 

T = Ia = (12.0 kg • m 2 )(28.2 rad / s 2 ) = 3.38 x IO 2 N • m. 


50. The rotational inertia is found from Eq. 10-45. 


T t 32.0 , 2 

I = — = = 1.28 kg- m 2 

a 25.0 


51. Combining Eq. 10-45 (T net = I a) with Eq. 10-38 gives RF 2 - RFi = Ia , where 
a-colt by Eq. 10-12 (with coo = 0). Using item (c) in Table 10-2 and solving for F 2 we 
find 

Fl= MM +Fi= (0.02W02X250) + 0 1 = 0 H0N 


52. With counterclockwise positive, the angular acceleration a for both masses satisfies 
T= mgL x - mgL 2 - Ia - (ml^ + mL 2 2 ^ja, by combining Eq. 10-45 with Eq. 10-39 and 
Eq. 10-33. Therefore, using SI units, 

g (L - L 7 ) (9.8 m/s 2 ) (0.20 m - 0.80 m) 

a = — r 1 = ~ = ~ 8 - 65 rad/s 

L\ + L\ (0.20 m) 2 + (0.80 m) 2 

where the negative sign indicates the system starts turning in the clockwise sense. The 
magnitude of the acceleration vector involves no radial component (yet) since it is 
evaluated at t = 0 when the instantaneous velocity is zero. Thus, for the two masses, we 
apply Eq. 10-22: 

(a) \a,\ = \a\L, = (8.65 rad/s 2 ) (0.20 m) = 1.7 m/s. 

(b) |a 2 | = |4L 2 =(8.65 rad/s 2 )(0.80m) = 6.9 m/s 2 . 


53. Combining Eq. 10-34 and Eq. 10-45, we have RF = Ia, where ais given by Oòlt 
(according to Eq. 10-12, since co 0 = 0 in this case). We also use the fact that 


I ~ ^plate + ^disk 

1 2 

where Tdisk = ^MR (item (c) in Table 10-2). Therefore, 


/piate= ^ - \MR 2 = 2.51 x IO" 4 kgm 2 . 


54. According to the sign conventions used in the book, the magnitude of the net torque 
exerted on the cylinder of mass m and radius R is 

Tnet = f x R - F 2 R - F 3 r = (6.0 N)(0. 12 m) - (4.0 N)(0. 12 m) - (2.0 N)(0.050 m) = 71 N ■ m. 

(a) The resulting angular acceleration of the cylinder (with I = \ MR 2 according to Table 
10-2(c)) is 

a = ^ = , = 9.7rad/s 2 . 

/ }(2.0kg)(0.12 m) 2 

(b) The direction is counterclockwise (which is the positive sense of rotation). 


55. (a) We use constant acceleration kinematics. If down is taken to be positive and a is 
the acceleration of the heavier block mi, then its coordinate is given by y = \at 2 , so 


2y 2(0.750 m) .._ 2 . 2 

a = ^- = — ^- = 6.00x10 m/s . 

t 2 (5.00 s) 2 

Block 1 has an acceleration of 6.00 x 10~ 2 m/s 2 upward. 

(b) Newton's second law for block 2 is m 2 g -T 2 = m 2 a , where m.2 is its mass and T 2 is the 
tension force on the block. Thus, 

T 2 =m 2 (g-a) = (0.500 kg) (9.8 m/s 2 -6.00xl0~ 2 m/s 2 ) = 4.87 N. 

(c) Newton's second law for block 1 is m x g-T x = -m x a, where T\ is the tension force on 
the block. Thus, 

T x =m 1 (g + a) = (0.460kg)(9.8m/s 2 + 6.00xl0" 2 m/s 2 ) = 4.54N. 

(d) Since the cord does not slip on the pulley, the tangential acceleration of a point on the 
rim of the pulley must be the same as the acceleration of the blocks, so 


a 6.00xl0~ 2 _m/s 2 

^2 


a = — = — t"' - =1.20 rad/s 2 . 
R 5.00x10 2 m 


(e) The net torque acting on the pulley is T = (T 2 -T^R. Equating this to Iawe solve for 
the rotational inertia: 

(L-TAR (4.87N-4.54N)(5.00xl0- 2 m) 

7 = ^ 1 ->— = ± iL- ^ = 1.38xl0" 2 kgm 2 . 

a 1.20 rad/s 2 


56. (a) In this case, the force is mg = (70 kg)(9.8 m/s ), and the "lever arm" (the 
perpendicular distance from point O to the line of action of the force) is 0.28 m. Thus, 
the torque (in absolute value) is (70 kg)(9.8 m/s 2 )(0.28 m). Since the moment-of-inertia 
is /= 65 kg-m 2 , then Eq. 10-45 gives \a\ = 2.955 = 3.0 rad/s 2 . 

(b) Now we have another contribution (1.4 m x 300 N) to the net torque, so 

|Tnet] = (70 kg)(9.8 m/s 2 )(0.28 m) + (1.4 m)(300 N) = (65 kg-m 2 ) \c\ 

which leads to |«| = 9.4 rad/s 2 . 


57. Since the force acts tangentially at r = 0.10 m, the angular acceleration (presumed 
positive) is 

t Fr (0.5í + 0.3í 2 )(0.10) 

a = - = — = - '-i - = 50t + 30t 2 

I I 1.0x10 3 

in SI units (rad/s 2 ). 

(a) At t = 3 s, the above expression becomes a= 4.2 x IO 2 rad/s 2 . 

(b) We integrate the above expression, noting that cúq = 0, to obtain the angular speed at t 
3 s: 

<y= I* adt = (25t 2 + I0t 3 )\l = 5.0xl0 2 rad/s. 


58. (a) Weapply Eq. 10-34: 


2 2 


-mL 2 
v3 j 


co 1 =-mL 2 CQ 2 = -(0.42 kg)(0.75 m) 2 (4.0 rad/s) 2 = 0.63 J. 


(b) Simple conservation of mechanical energy leads to K = mgh. Consequently, the 
center of mass rises by 


, K mL 2 co 2 L 2 co 2 (0.75 m) 2 (4.0 rad/s) 2 ni „ 

h = = = = - — z — = 0.153 m = 0.15 m. 


mg 6mg 6g 


6(9.8 m/s 2 ) 


59. The initial angular speed is co = (280 rev/min)(2^/60) = 29.3 rad/s. 

(a) Since the rotational inertia is (Table 10-2(a)) / = (32 kg) (1.2 m) 2 =46.1 kg m 2 , the 
work done is 

W = AK = 0-^Iú) 2 =-|(46.1 kg- m 2 ) (29.3 rad/s) 2 

whichyields|^ = 1.98 x 10 4 J. 

(b) The average power (in absolute value) is therefore 

W= W = 19.8X10» tf 
At 15 


2 

60. (a) The speed of v of the mass m after it has descended d = 50 cm is given by v = 2ad 
(Eq. 2-16). Thus, using g = 980 cm/s , we have 

V = V2ÍJ = JS= )4(50)(980)(50) 
V M + 2m V 400 + 2(50) 

(b) The answer is still 1.4 x IO 2 cm/s =1.4 m/s, since it is independent of R. 


61. With a>= (1800)(2^/60) = 188.5 rad/s, we apply Eq. 10-55: 


74600 W ^ XT 

P = rco => T = = 396 N m 

188.5 rad/s 


62. (a) We use the parallel-axis theorem to find the rotational inertia: 
I = I com +Mh 2 =^MR 2 +Mh 2 =|(20kg)(0.10m) 2 +(20 kg)(0.50 m) 2 =0.15 kgm 2 . 

(b) Conservation of energy requires that Mgh = \ Iú) 2 , where a> is the angular speed of 
the cylinder as it passes through the lowest position. Therefore, 


m= uMgh _ 2(20kg)(9.8m/s 2 )(0.050m) _ n ^ 
V / V 0.15 kg-m' 


63. We use t to denote the length of the stick. Since its center of mass is til from 
either end, its initial potential energy is \mgl, where m is its mass. Its initial kinetic 

energy is zero. Its final potential energy is zero, and its final kinetic energy is jlú) 2 , 

where / is its rotational inertia about an axis passing through one end of the stick and ú) is 
the angular velocity just before it hits the floor. Conservation of energy yields 


The free end of the stick is a distance t from the rotation axis, so its speed as it hits the 
floor is (fromEq. 10-18) 


Using Table 10-2 and the parallel-axis theorem, the rotational inertial is / = \mi 2 , so 




v = fígt = ^3(9.8 m/s 2 )(l.00 m) = 5.42m/s. 


64. (a) Eq. 10-33 gives 

2 2 2 2 

Aotai = md + m(2d) + m(3d) =14 md , 

1 2 1 2 

where d = 0.020 m and m = 0.010 kg. The work done is W= AK = -^Ity ~ 2 ^ ' wnere 
íty = 20 rad/s and í0[- = 0. This gives W=\\2 mJ. 

(b) Now, <ty = 40 rad/s and ftt = 20 rad/s, and we get W=33.6 mJ. 

(c) In this case, ú)f = 60 rad/s and tój = 40 rad/s. This gives W= 56.0 mJ. 

(d) Eq. 10-34 indicates that the slope should be Therefore, it should be 

7mí/ 2 = 2.80 x 10~ 5 J s 2 /rad 2 . 


65. Using the parallel axis theorem and items (e) and (h) in Table 10-2, the rotational 
inertia is 

/ = j^mL 2 + m(L/2) 2 + \mR 2 + m(R + L) 2 = \0.S3mR 2 , 

where L = 2R has been used. If we take the base of the rod to be at the coordinate origin 
(x = 0, y = 0) then the center of mass is at 

mL/2 + m(L + R) 
J m + m 

Comparing the position shown in the textbook figure to its upside down (inverted) 
position shows that the change in center of mass position (in absolute value) is |Ay| = 4R. 
The corresponding loss in gravitational potential energy is converted into kinetic energy. 
Thus, 

K = (2m)g(4R) => co= 9.82 rad/s . 


where Eq. 10-34 has been used. 
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66. From Table 10-2, the rotational inertia of the spherical shell is 2MR 13, so the kinetic 
energy (after the object has descended distance h) is 


K = 


1 


1 


l<he re + 2 /íy2 pulley + 2 mV2 - 


Since it started from rest, then this energy must be equal (in the absence of friction) to the 
potential energy mgh with which the system started. We substitute vir for the pulley's 
angular speed and v/R for that of the sphere and solve for v. 


v = 


mgh 


2gh 


! í + (I/mr) + (2M/3m) 


2(9.8)(0.82) 


1 + 3. 0xl0~ 3 /((0. 60)(0. 050) 2 ) + 2(4. 5)/ 3(0. 60) 


= 1.4 m/s 


67. (a) We use conservation of mechanical energy to find an expression for cí as a 
function of the angle #that the chimney makes with the vertical. The potential energy of 
the chimney is given by U = Mgh, where M is its mass and h is the altitude of its center 
of mass above the ground. When the chimney makes the angle 0 with the vertical, h = 
(H/2) cos 0. Initially the potential energy is ET) = Mg(HI2) and the kinetic energy is zero. 
The kinetic energy is \leo 2 when the chimney makes the angle #with the vertical, where 
/ is its rotational inertia about its bottom edge. Conservation of energy then leads to 

MgHI 2 = Mg(HI 2)cos#+ ^Iú) 2 => (O 1 = (MgH / 1) (1 - cos0). 

The rotational inertia of the chimney about its base is / = MH 13 (found using Table 
10-2(e) with the parallel axis theorem). Thus 


g? = J^(l-cosfl)= 3 ( 9 - 8Qm/s ) (i- cos 35.0°)= 0.3 llrad/s. 
\H V 55.0 m 

(b) The radial component of the acceleration of the chimney top is given by a r = Ha}, so 

a r = 3g(l - cos 6) = 3 (9.80 m/s 2 )(l- cos 35.0°) = 5.32 m/s 2 . 

(c) The tangential component of the acceleration of the chimney top is given by a t = Ha, 
where a is the angular acceleration. We are unable to use Table 10-1 since the 
acceleration is not uniform. Hence, we differentiate 

o} = (3glH)(\ - cos 0) 

with respect to time, replacing dcol dt with a, and dôl dt with co, and obtain 

dco 2 


dt 


= 2aa = (3g I H)a> únd^>a = (3g 1 2H)ún0. 


Consequently, 


„ 3g . . 3(9.80 m/s 2 ) . no 0 , 2 

a =Ha = -£-sm0 = — -sm 35.0° = 8.43 m/s . 

t 2 7 


(d) The angle #at which a t = g is the solution to -f sin 0 = g. Thus, sin 0= 213 and we 
obtain 0=41.8°. 


68. The rotational inertia of the passengers is (to a good approximation) given by Eq. 10- 
53: / = ^mR 2 = NmR 2 where N is the number of people and m is the (estimated) mass 
per person. We apply Eq. 10-52: 

W = -Ico 2 = -NmR 2 co 2 
2 2 

where R = 38 m and iV= 36 x 60 = 2160 persons. The rotation rate is constant so that co = 
ô/t which leads to co= 271/120 = 0.052 rad/s. The mass (in kg) of the average person is 
probably in the range 50 < m < 100, so the work should be in the range 

|(2160)(50)(38) 2 (0.052) 2 <r<|(2160)(l00)(38) 2 (0.052) 2 
2xl0 5 J<^<4xl0 5 J. 


69. We choose positive coordinate directions (different choices for each item) so that 
each is accelerating positively, which will allow us to set a 2 = «1 = Rcc (for simplicity, we 
denote this as a). Thus, we choose rightward positive for m.2 = M (the block on the table), 
downward positive for mi = M (the block at the end of the string) and (somewhat 
unconventionally) clockwise for positive sense of disk rotation. This means that we 
interpret #given in the problem as a positive-valued quantity. Applying Newton' s second 
law to m\, m.2 and (in the form of Eq. 10-45) to M, respectively, we arrive at the following 
three equations (where we allow for the possibility of friction^ acting on m.2). 

m x g-T x =m x a x 
T 2 -f 2 = m 2 a 2 
T x R-T 2 R = la 

(a) From Eq. 10-13 (with coo = 0) we find 


1 2 26 2(1.30 rad) 

6 = co n t +—at => a = — = — - 

0 2 t 2 (0.0910 s) 2 


= 314rad/s 2 


(b) From the fact that a = i?or(noted above), we obtain 

2R0 2(0.024 m)(l. 30 rad) 


a = ■ 


(0.0910 s) 2 


= 7.54 m/s 2 


(c) From the first of the above equations, we find 

= (6.20 kg) 


T 1 = m l (g-a l ) = M 
= 14.0N. 


2R6^ 


t 2 


'9.80m/^- 2<a024m)(L30rad) ' 


V 


(0.0910 sy 


J 


(d) From the last of the above equations, we obtain the second tension 

2R6 


T 2 =T X -^ = M 
2 1 R 

= 4.36N. 


g- 


t 2 . 


A 2I & ^nxT (7.40xl0" 4 kg-m 2 )(314rad/s 2 ) 
= 14.0N 


Rt l 


0.024 m 


70. In the calculation below, M\ and M 2 are the ring masses, Ru and R 2i are their inner 
radii, and R i0 and R 2o are their outer radii. Referring to item (b) in Table 10-2, we 
compute 

I=\M X (Ru + RJ) + \M 2 {R 2 + R 2 2 ) = 0.00346 kg-m 2 . 

Thus, with Eq. 10-38 (x = rF where r = R 2o ) and T = Ia (Eq. 10-45), we fmd 

(0.140X12.0) 
a 0.00346 ^raa/s • 

Then Eq. 10-12 gives co= at = 146 rad/s. 


2 

71. The volume of each disk is Jtr A where we are using h to denote the thickness (which 
equals 0.00500 m). If we use R (which equals 0.0400 m) for the radius of the larger disk 
and r (which equals 0.0200 m) for the radius of the smaller one, then the mass of each is 
m = p7tr 2 h and M = pnR 2 h where p = 1400 kg/m 3 is the given density. We now use the 
parallel axis theorem as well as item (c) in Table 10-2 to obtain the rotation inertia of the 
two-disk assembly: 


I = \MR 2 + \mr 2 + m(r + R) 2 = pnh[ \r A +\r 4 + r\r + R) 2 ] = 6.16 x 10~ 5 kg m 2 . 


72. (a) The longitudinal separation between Helsinki and the explosion site is 
Ad =102° -25° = 77°. The spin of the earth is constant at 


co = 


1 rev _ 360° 
1 day ~ 24 h 


so that an angular displacement of A6 corresponds to a time interval of 

^24h^ 


At = (77°) 


V 360°y 


5.1 h. 


(b) Now A0 = 102°-(-20°) = 122° so the required time shift would be 


At = (122°) 


24 h 

360° 


= 8.1 h. 


73. We choose positive coordinate directions (different choices for each item) so that 
each is accelerating positively, which will allow us to set a l = a 2 = Ra (for simplicity, 

we denote this as a). Thus, we choose upward positive for m\, downward positive for ni2 
and (somewhat unconventionally) clockwise for positive sense of disk rotation. Applying 
Newton's second law to mim.2 and (in the form of Eq. 10-45) to M, respectively, we 
arrive at the following three equations. 


(a) The rotational inertia of the disk is / = \ MR 2 (Table 10-2(c)), so we divide the third 

equation (above) by R, add them ali, and use the earlier equality among accelerations — 
to obtain: 


T x -m x g = m l a l 
m 2 g-T 2 = m 2 a 2 
T 2 R-T x R = Ia 



which yields a = ^ g = 1 .57 m/s . 


(b) Plugging back in to the first equation, we find 


= 29 
25 


m x g = 4.55N 


where it is important in this step to have the mass in SI units: m\ = 0.40 kg. 


(c) Similarly, with mj = 0.60 kg, we find 



m 2 g = 4.94N. 


74. (a) Constant angular acceleration kinematics can be used to compute the angular 
acceleration a. If a>o is the initial angular velocity and t is the time to come to rest, then 


0 = ú) 0 + at => a = -—^- 

which yields -39/32 = -1 .2 rev/s or (multiplying by 2ri) -7.66 rad/s for the value of a. 

(b) We use x = Ia, where x is the torque and / is the rotational inertia. The contribution of 
the rod to / is Mi 2 112 (Table 10-2(e)), where M is its mass and l is its length. The 
contribution of each bali is m(l 1 2) 2 , where m is the mass of a bali. The total rotational 
inertia is 

_ Ml 2 | 2 m£ 2 _ (6.40 kg)(l.20 m) 2 | (1.06 kg)(l.20 m) 2 
12 4 12 2 

which yields / = 1 .53 kg • m 2 . The torque, therefore, is 

T= (1.53 kg-m 2 )(-7.66 rad/s 2 ) = -11.7 N-m. 

(c) Since the system comes to rest the mechanical energy that is converted to thermal 
energy is simply the initial kinetic energy 

K t =1 lco\ =^(1-53 kg-m 2 )((27t)(39) rad/s) 2 =4.59x1 0 4 J. 

(d) We apply Eq. 10-13: 

0=CQ o t + ^at 2 =((2tc)(39) rad/s)(32.0 s) + ^(-7.66 rad/s 2 )(32.0 s) 2 

which yields 3920 rad or (dividing by 2tí) 624 rev for the value of angular displacement 0. 

(e) Only the mechanical energy that is converted to thermal energy can still be computed 
without additional information. It is 4.59 x 10 4 J no matter how x varies with time, as 
long as the system comes to rest. 


75. The Hint given in the problem would make the computation in part (a) very 
straightforward (without doing the integration as we show here), but we present this 
further levei of detail in case that hint is not obvious or — simply — in case one wishes 
to see how the calculus supports our intuition. 

(a) The (centripetal) force exerted on an infinitesimal portion of the blade with mass dm 
located a distance r from the rotational axis is (Newton's second law) dF = {dm)o}r, 
where dm can be written as {MIL)dr and the angular speed is 

íy = (320)(27r/60) = 33.5 rad/s . 
Thus for the entire blade of mass M and length L the total force is given by 

«7 f ^ f 2 , M rt 2 , Mo) 2 L (llOkg) (33.5 rad/s) 2 (7.80m) 
F = \dF = Ofrdm = — Q)rdr = = - — L 


= 4.81xl0 5 N. 


(b) About its center of mass, the blade has / = ML 2 1X2 according to Table 10-2(e), and 
using the parallel-axis theorem to "move" the axis of rotation to its end-point, we find the 
rotational inertia becomes / = ML 2 1 3. Using Eq. 10-45, the torque (assumed constant) is 


T = Ia = 


1 


ML 2 


v Aí, 


1 


(110kg)(7.8m) 2 


33.5 rad/s 
6.7s 


= 1.12xl0 4 N-m. 


(c) Using Eq. 10-52, the work done is 


1 


W = AK = -Iú?-0 = - 
2 2 


-ML 2 


<y 2 =-(110kg)(7.80m) 2 (33.5rad/s) 2 =1.25xl0 6 J. 


76. The wheel starts turning from rest (ah = 0) at t = O, and accelerates uniformly at 
a = 2.00 rad/s 2 .Between íi and fa the wheel turns through A0 = 90.0 rad, where - h = 
At = 3.00 s. We solve (b) first. 

(b) We use Eq. 10-13 (with a slight change in notation) to describe the motion for t\<t< 


A0=co l At + — a(At) 2 => co x = 


À6> cíAí 


Aí 


2 


which we plug into Eq. 10-12, set up to describe the motion during 0 < t < t\\ 


A0 aAt 


90.0 (2.00)(3.00) 


= (2.00)Í! 



- at, ^> 


3.00 2 


yielding t\ = 13.5 s. 


(a) Plugging into our expression for a>\ (in previous part) we obtain 


o),=- 


AO aAt _ 90.0 (2.00)(3.00) 


= 27.0 rad/s. 


At 2 3.00 2 


77. To get the time to reach the maximum height, we use Eq. 4-23, setting the left-hand 
side to zero. Thus, we find 

(60 m/s)sin(20°) 
1 9.8 m/s 2 2>uy4 s> 

Then (assuming a= 0) Eq. 10-13 gives 

0- Ô 0 = OJot = (90 rad/s)(2.094 s) = 188 rad, 
which is equivalent to roughly 30 rev. 


78. We choose ± directions such that the initial angular velocity is a>o = - 317 rad/s and 
the values for a, x and F are positive. 

(a) Combining Eq. 10-12 with Eq. 10-45 and Table 10-2(f) (and using the fact that 0)= 0) 
we arrive at the expression 


T = 


-MR 2 
V5 j 


«o 
V t ) 


2 MR 2 co 0 
5 t 


With t = 15.5 s, R = 0.226 m andM= 1.65 kg, we obtain % = 0.689 N • m. 

(b) From Eq. 10-40, we find F = x IR = 3.05 N. 

(c) Using again the expression found in part (a), but this time with R = 0.854 m, we get 
r = 9.84N-m. 


(d)Now,F=x/fl= 11.5 N. 


79. The center of mass is initially at height /z = ysin40° when the system is released 
(where L = 2.0 m). The corresponding potential energy Mgh (where M= 1.5 kg) becomes 
rotational kinetic energy \Ico 2 as it passes the horizontal position (where / is the 

rotational inertia about the pin). Using Table 10-2 (e) and the parallel axis theorem, we 
find 

I = ^ ML 2 + M(L 1 2f = \ ML 2 . 

Therefore, 


L 1 r 

Mg-sin40° = - 
2 2 



3gsin40° . 1 

co= A— =3.1 rad/s. 

V L 


80. (a)Eq. 10-12 leads to a = -co o It = -(25.0 rad/s)/(20.0 s) = -1.25 rad/s 2 . 

(b) Eq. 10-15 leads to 0 = ^ú)J = ^(25.0 rad/s)(20.0 s) = 250 rad. 

(c) Dividing the previous result by 2n we obtain 0= 39.8 rev. 


81. (a) With r = 0.780 m, the rotational inertia is 

I = Mr 2 = (1.30 kg)(0.780 m) 2 = 0.791 kg m 2 , 
(b) The torque that must be applied to counteract the effect of the drag is 
T=rf = (0.780 m)(2.30xl0" 2 N) = 1.79xl0~ 2 N-m. 


82. The motion consists of two stages. The first, the interval 0 < t < 20 s, consists of 
constant angular acceleration given by 

5.0 rad/s . _ , , 2 

a = '— = 2.5 rad/s . 

2.0 s 1 

The second stage, 20 < t < 40 s, consists of constant angular velocity co = AO/ At. 
Analyzing the first stage, we find 

= 500 rad, co = fl*| 20 = 50 rad/s. 

í=20 


1 2 


Analyzing the second stage, we obtain 

0 2 = 0 l + aAt = 5OO rad + (50 rad/s)(20s) = 1.5xl0 3 rad. 


83. The magnitude of torque is the product of the force magnitude and the distance from 
the pivot to the line of action of the force. In our case, it is the gravitational force that 
passes through the walker's center of mass. Thus, 


T = Ia = rF = rmg. 

(a) Without the pole, with/ = 15 kg ■ m 2 , the angular acceleration is 

a _rF _ rmg _ (0.050 m)(70 kg)(9.8 m/s 2 ) _ 2 g ^ 2 
II 15kgm 2 

(b) When the walker carries a pole, the torque due to the gravitational force through the 
pole's center of mass opposes the torque due to the gravitational force that passes through 
the walker' s center of mass. Therefore, 

7 net = Yu r i F i = (°- 050 m X 70 k §)( 9 - 8 m/s 2 ) -(0.10 m)(14 kg)(9.8 m/s 2 ) = 20.58 N ■ m , 


and the resulting angular acceleration is 

t t 20.58 N-m t A 2 

a = ^ = - = 1.4 rad/s 2 . 

/ 15kgm 2 


84. The angular displacements of disks A and B can be written as: 

1 , 

0 A =co A t, 0 B =-a B t . 

(a) The time when 8 A = 0 B is given by 

1 2 2(0, 2(9.5 rad/s) 0 r 

0)J=-aJ t = — -=— ^- = 8.6 s. 

A 2 B a B (2.2 rad/s 2 ) 

(b) The difference in the angular displacement is 

A0 = 0 A -e B =co A t-^a B t 2 =9.5t-\.\t 2 . 

For their reference lines to align momentarily, we only require Á0-27TN, where iVis an 
integer. The quadratic equation can be readily solve to yield 

_ 9.5 + V(9.5) 2 -4(1 . \)(2ttN) _ 9.5 ± ^90.25 -27. 6N 
n _ 2(1.1) ~ 22 _ ' 

The solution t 0 =8.63 s(taking the positive root) coincides with the result obtained in (a), 
while t 0 = 0 (taking the negative root) is the moment when both disks begin to rotate. In 
fact, two solutions exist for iV= 0, 1, 2, and 3. 


85. Eq. 10-40 leads to T= mgr = (70 kg) (9.8 m/s 2 ) (0.20 m) = 1.4 x IO 2 N m. 


86. (a) Using Eq. 10-15, we have 60.0 rad = \{a\ + tóç>)(6.00 s) . With ah = 15.0 rad/s, 
then a\ = 5.00 rad/s. 

(b) Eq. 10-12 gives a= (15.0 rad/s - 5.0 rad/s)/(6.00 s) = 1.67 rad/s 2 . 

(c) Interpreting arnow as a\ and #as 0\ = 10.0 rad (and ai = 0) Eq. 10-14 leads to 

0 O = - ^- + 6v = 2.50 rad . 
2a 


87. With rightward positive for the block and clockwise negative for the wheel (as is 
conventional), then we note that the tangential acceleration of the wheel is of opposite 
sign from the block's acceleration (which we simply denote as a); that is, a t = — a. 
Applying Newton's second law to the block leads to P — T = ma , where m = 2.0kg. 
Applying Newton' s second law (for rotation) to the wheel leads to -TR-Ia, where 
/ = 0.050 kg m 2 . 

Noting that Ra= a t = -a,wQ multiply this equation by R and obtain 

-TR 2 =-Ia => T = aÂr. 

R 1 

Adding this to the above equation (for the block) leads to P - (m + 1 1 R 2 )a. 

2 2.2 

Thus, a = 0.92 m/s and therefore a= - 4.6 rad/s (or \ d\ = 4.6 rad/s ), where the negative 
sign in a should not be mistaken for a deceleration (it simply indicates the clockwise 
sense to the motion). 


88. (a) The time for one revolution is the circumference of the orbit divided by the speed 
v of the Sun: T= 2nR/v, where R is the radius of the orbit. We convert the radius: 

i? = (2.3xl0 4 ly)(9.46xl0 12 km/ly) = 2.18x IO 17 km 

where the ly <-» km conversion can be found in Appendix D or figured "from basics" 
(knowing the speed of light). Therefore, we obtain 

27iÍ2.18xl0 17 km) 

T = — i ^ = 5.5xl0 15 s. 

250 km/ s 


(b) The number of revolutions N is the total time t divided by the time T for one 
revolution; that is, N = t/T. We convert the total time from years to seconds and obtain 


89. We assume the sense of initial rotation is positive. Then, with tób > 0 and co = 0 (since 
it stops at time t), our angular acceleration is negative-valued. 


(a) The angular acceleration is constant, so we can apply Eq. 10-12 (co = coo + at). To 
obtain the requested units, we have t = 30/60 = 0.50 min. Thus, 

33.33 rev/min rr _ , . 2 r _ . . 2 

«■ = = -66.7 rev/min =-67rev/min. 

0.50min 

(b) We use Eq. 10-13: 

6> = íy 0 í + ^-ert 2 =(33.33 rev/min)(0.50 min) + ^(-66.7rev/min 2 ) (0.50 min) 2 =8.3 rev. 


90. We use conservation of mechanical energy. The center of mass is at the midpoint of 
the cross bar of the H and it drops by L/2, where L is the length of any one of the rods. 
The gravitational potential energy decreases by MgL/2, where M is the mass of the body. 
The initial kinetic energy is zero and the final kinetic energy may be written \lco 2 , 

where / is the rotational inertia of the body and &> is its angular velocity when it is vertical. 
Thus, 

0 = -MgL 1 2 + ^Ico 2 => co = jMgLÍl. 

Since the rods are thin the one along the axis of rotation does not contribute to the 
rotational inertia. AU points on the other leg are the same distance from the axis of 
rotation, so that leg contributes {M/3)L 2 , where M/3 is its mass. The cross bar is a rod that 

2 2 

rotates around one end, so its contribution is {M/3)L 13 = ML 19. The total rotational 
inertia is 

/ = {ML 2 13) + {ML 2 19) = 4ML 2 /9. 
Consequently, the angular velocity is 

a m . I¥ . |9(9.800 m/s') _ 

V / V4MZ 2 /9 V4Z \j 4(0.600 m) 


91. (a) According to Table 10-2, the rotational inertia formulas for the cylinder (radius R) 
and the hoop (radius r) are given by 


I c = ^ mr2 an d I H = Mr 1 . 

Since the two bodies have the same mass, then they will have the same rotational inertia 
if 

R 2 /2 = R 2 H -+ R H = R/yÍ2. 

(b) We require the rotational inertia to be written as / = Mk 2 , where M is the mass of the 
given body and k is the radius of the "equivalent hoop." It follows directly that 

k = 4TTM . 


92. (a) We use x = Ia, where x is the net torque acting on the shell, / is the rotational 
inertia of the shell, and ais its angular acceleration. Therefore, 


T 960 N-m 2 
I - r- = 155kg-m . 

a 6.20rad/s 2 

(b) The rotational inertia of the shell is given by /= (2/3) MR (see Table 10-2 of the text). 
This implies 

3/ 3(155 kg -m 2 ) 

M = ^- = ^ ^2 = 64.4 kg. 

2R 2 2(1.90 m) 2 


93. We choose positive coordinate directions so that each is accelerating positively, 
which will allow us to set «box = Ra (for simplicity, we denote this as a). Thus, we choose 
downhill positive for the m = 2.0 kg box and (as is conventional) counterclockwise for 
positive sense of wheel rotation. Applying Newton' s second law to the box and (in the 
form of Eq. 10-45) to the wheel, respectively, we arrive at the following two equations 
(using #as the incline angle 20°, not as the angular displacement of the wheel). 

mgsin8-T = ma 
TR = Ia 

Since the problem gives a = 2.0 m/s 2 , the fírst equation gives the tension T = m(g sin 0- 
a) = 2.7 N. Plugging this and R = 0.20 m into the second equation (along with the fact 
that a= a/R) we find the rotational inertia 


/= TR 2 /a = 0.054 kg-m 2 . 


94. Analyzing the forces tending to drag the M = 5124 kg stone down the oak beam, we 
find 

F = Mg (sin 0 + ju s cos 0) 

where fl s = 0.22 (static friction is assumed to be at its maximum value) and the incline 
angle <9for the oak beam is sin 1 (3.9/10) = 23° (but the incline angle for the spruce log is 
the complement of that). We note that the component of the weight of the workers (N of 
them) which is perpendicular to the spruce log is Nmg cos(90° -9) = Nmg sin 0, where m 
= 85 kg. The corresponding torque is therefore Nmgi sin 6 where i = 4.5 - 0.7 = 3.8 m . 
This must (at least) equal the magnitude of torque due to F, so with r = 0.7 m, we have 

Mgr (sin 0 + fi s cos 6) = Ngm£ sin 6. 
This expression yields N ~ 17 for the number of workers. 


95. The centripetal acceleration at a point P which is r away from the axis of rotation is 
givenbyEq. 10-23: a = v 2 1 r = co 2 r , where v-cor , with&> = 2000 rev/min ~ 209.4 rad/s. 


(a) If points A and P are at a radial distance r^=1.50 m and r = 0.150 m from the axis, the 
difference in their acceleration is 

Aa = a A -a = ú) 2 (r A -r) = (209A rad/s) 2 (1.50 m-0.150 m) = 5.92xl0 4 m/s 2 

(b) The slope is given by alr = co 2 = 4.39x1 0 4 / s 2 . 


96. Let Tbe the tension on the rope. From Newton' s second law, we have 

T -mg = ma => T = m(g + a). 

Since the box has an upward acceleration a = 0.80 m/s , the tension is given by 

7 = (30 kg)(9.8 m/s 2 +0.8 m/s 2 ) = 3 18 N. 

The rotation of the device is described by F app R-Tr = Ia = Ia/ r . The moment of inertia 
can then be obtained as 

I= r(K w R-Tr) = (0.20 m)[(140 N)(0.50 m)-(318 N)(0.20 m)] ^ 2 
a ~ " 0.80 m/s 2 ~ ' 8 ' m 


97. The distances from P to the particles are as follows: 

r x = a for m ] = 2M(lower left) 

r 2 = 4b 1 -a 1 for m 2 = M(top) 
r 3 =a for m l = 2M(lower right) 

The rotational inertia of the system about P is 

3 

l = Yjntf =(3a 2 +b 2 )M 


which yields / = 0.208 kg ■ m 2 for M = 0.40 kg, a = 0.30 m and b = 0.50 m. Applying Eq. 
10-52, we find 

W = -Ico 2 =-(0.208 kg-m 2 )(5.0 rad/s) 2 =2.6 J. 


98. In the figure below, we show a pull tab of a beverage can. Since the tab is pivoted, 
when pulling on one end upward with a force F 1 , a force F 2 will be exerted on the other 
end. The torque produced by F l must be balanced by the torque produced by F 2 so that 
the tab does not rotate. 



The two forces are related by 


1*1 =^2 


where r, ~ 1 .8 cm and r 2 ~ 0.73 cm . Thus, if F\ = ION, 


F 2 = 


( \ 


f 1.8 cm ^ 



V2 J 


v0.73 cm y 


(ION) = 25 N. 


99. (a) We apply Eq. 10-18, using the subscript J for the Jeep. 

v, 114 km/h 

CQ = — = — 

r, 0.100 km 

which yields 1140 rad/h or (dividing by 3600) 0.32 rad/s for the value of the angular 
speed co. 

(b) Since the cheetah has the same angular speed, we again apply Eq. 10-18, using the 
subscript c for the cheetah. 

v c =r c ú) = (92m) (1140 rad/h) = 1.048 x IO 5 m/h-1.0xl0 2 km/h 
for the cheetah' s speed. 


100. Using Eq. 10-7 and Eq. 10-18, the average angular acceleration is 


Aco Av 


25-12 


a *, s = = = 7 ttt — r = 5.6 rad / s 

avg At rAt (0.75/2) (6.2) 


101. We make use of Table 10-2(e) and the parallel-axis theorem in Eq. 10-36. 

(a) The moment of inertia is 

I = ^ML 2 +Mh 2 =^(3.0 kg)(4.0 m) 2 + (3.0 kg)(1.0 m) 2 =7.0 kg m 2 . 

(b) The rotational kinetic energy is 

2 V I \7kg-m 

The linear speed of the end B is given by v B =ú)r AB =(2A rad/s)(3.00 m) = 7.2 m/s , where 
r A B is the distance between A and B. 

(c) The maximum angle 0 is attained when ali the rotational kinetic energy is transformed 
into potential energy. Moving from the vertical position (0= 0) to the maximum angle 0, 
the center of mass is elevated by Ay = d AC (l-cos0) , where cIac = 1.00 m is the distance 
between A and the center of mass of the rod. Thus, the change in potential energy is 

AU = mgAy = mgd AC (\-cos0) => 20 J = (3.0 kg)(9.8 m/s 2 )(1.0 m)(l-cos^) 


whichyields cos # = 0.32 , or 0~ 71° . 


102. (a) The linear speed at t = 15.0 s is 

v = a ,t = (0.500 m/s 2 ) (l 5.0 s) = 7.50 m/s . 

The radial (centripetal) acceleration at that moment is 

v 2 (7.50 m/s) 2 , , 

a= — = ± ^- = 1.875 m/s 2 . 

r 30.0m 7 

Thus, the net acceleration has magnitude: 

a = ^]a 2 +a 2 r = ^(0.500m/s 2 ) 2 +(l.875m/s 2 ) 2 = 1.94 m/s 2 
(b) We note that a t \ | v . Therefore, the angle between v and a is 


tan 


tan 


f 1.875 ^ 
v 0.5 j 


75.1° 


so that the vector is pointing more toward the center of the track than in the direction of 
motion. 


103. (a) Using Eq. 10-1, the angular displacement is 


0- 


5.6 m 


8.0xl0~ 2 m 


= 1.4xl0 2 rad 


(b) We use 6 = \at 2 (Eq. 10-13) to obtain t: 


t = 


2(1.4 x IO 2 rad) 
1.5 rad/s 2 


= 14s 


104. We apply Eq. 10-12 twice, assuming the sense of rotation is positive. We have ú)> 0 
and a< 0. Since the angular velocity at t = 1 min is o\ = (0.90)(250) = 225 rev/min, we 
have 

225-250 

co x - a) 0 + at => a = -25 rev / min 2 . 

Next, between t = 1 min and t = 2 min we have the interval At = 1 min. Consequently, the 
angular velocity at t = 2 min is 

co 2 = co , + aAt = 225 + (-25) (1) = 200 rev / min . 


105. (a) Using Table 10-2(c), the rotational inertia is 


/ = -mR 2 ="(1210 kg) 


221 kg-m 2 


(b) The rotational kinetic energy is, by Eq. 10-34, 


K = -Ico 1 =-(2.21xl0 2 kg-m 2 )[(1.52 rev/s)(27irad/rev)] 2 = l.lOxlO 4 J. 


106. (a) We obtain 


(33.33 rev/ min) (2n rad/rev) 

co = — = 3.5 rad/s. 

60 s/min 


(b) UsingEq. 10-18, we have v = rco = (15)(3.49) = 52 cm/s. 


(c) Similarly, when r = IA cm we find v = r&>= 26 cm/s. The goal of this exercise is to 
observe what is and is not the same at different locations on a body in rotational motion 
(ft»is the same, v is not), as well as to emphasize the importance of radians when working 
with equations such as Eq. 10-18. 


107. With v = 50(1000/3600) = 13.9 m/s, Eq. 10-18 leads to 

ú) = - = = 0.13 rad/s. 

r 110 


108. (a) The angular speed O) associated with EaruYs spin is ú)= 2%/T, where T= 86400s 
(one day). Thus, 

Ott 

0) = — = 7.3xl0~ 5 rad/s 

86400 s 

and the angular acceleration arequired to accelerate the Earth from rest to &>in one day 
is a= caíT. The torque needed is then 

. Ico (9.7xl0 37 kg m 2 )(7.3xl0" 5 rad/s) co 1 n28 XT 

r = Ia = — = — ^- = 8.2x10 N-m 

T 86400s 

where we used 

I^MR 2 =|(5.98xl0 24 kg)(6.37xl0 6 m) 2 =9.7xl0 37 kg-m 2 
for Earth' s rotational inertia. 

(b) Using the values from part (a), the kinetic energy of the Earth associated with its 
rotation about its own axis is K-\lco 2 — 2.6x1 0 29 J . This is how much energy would 
need to be supplied to bring it (starting from rest) to the current angular speed. 

(c) The associated power is 

£ = 2.57X10"J ^ 
T 86400 s 


109. The translational kinetic energy of the molecule is 

K t =^mv 2 = ^-(5. 30x1 0 26 kg) (500 m/s) 2 = 6.63x10 21 J. 

With / = 1.94 x 10~ 46 kg ■ m 2 , we employ Eq. 10-34: 

K =—K => -Ia 2 =- (6.63x1 0" 21 J) 
3 2 3 

which leads to «=6.75 x 1 0 12 rad/s. 


110. (a) The rotational inertia relative to the specified axis is 

/ = Yjntf = {2M)L 2 +(2M)L 2 + M{lV) 

which is found to be / = 4.6 kg-m 2 . Then, with a> = 1.2 rad/s, we obtain the kinetic 
energy from Eq. 10-34: 

K = -Ico 2 = 3.3 J. 
2 

(b) In this case the axis of rotation would appear as a standard y axis with origin at P. 
Each of the 2M balis are a distance of r = L cos 30° from that axis. Thus, the rotational 
inertia in this case is 


I^Y.Wi =(2M)r 2 +(2M)r 2 + M(2L) 2 
which is found to be / = 4.0 kg • m 2 . Again, from Eq. 10-34 we obtain the kinetic energy 


1 1 1 . (a) The linear speed of a point on belt 1 is 

v, = r A co A = (15 cm)(10 rad/s) = 1.5x1 0 2 cm/s . 


(b) The angular speed of pulley B is 


r B co B = r A co A 


r A<°A 


f 15 cm^ 


10 cm) 


(10 rad/s) = 15 rad/s. 


(c) Since the two pulleys are rigidly attached to each other, the angular speed of pulley 
B' is the same as that of pulley B, i.e., cd B = 15 rad/s . 

(d) The linear speed of a point on belt 2 is 

v 2 = r B ,co' B = (5 cm)(15 rad/s) = 75 cm/s . 

(e) The angular speed of pulley C is 


r c (ú c = r B ,(ú B 


co c = 


r B ,cd B _ 


5 cm 
25 cm 


(15 rad/s) = 3.0 rad/s 


1 12. (a) The particle atA has r = O with respect to the axis of rotation. The particle at B is 
r = L = 0.50 m from the axis; similarly for the particle directly above A in the figure. The 

particle diagonally opposite.4 is a distance r - 42L = 0.71 m from the axis. Therefore, 

I = Y j m i r [ 2 =2mL 2 +m(^/2L) = 0.20 kg -m 2 . 

(b) One imagines rotating the figure (about point A) clockwise by 90° and noting that the 
center of mass has fallen a distance equal to L as a result. If we let our reference position 
for gravitational potential be the height of the center of mass at the instant AB swings 
through vertical orientation, then 

K 0 +U 0 =K + U 0 + (4m)gh 0 =K + 0. 
Since ho = L = 0.50 m, we find K = 3.9 J. Then, using Eq. 10-34, we obtain 

1 7 

K = — I,co => <w = 6.3 rad/s. 
2 


113. Using Eq. 10-12, we have 


Q)=Q) n +at=>a = 


2.6 rad/s-8.0 rad/s 


3.0s 


= -1.8 rad/s 2 


Using this value in Eq. 10-14 leads to 


2 2 „ „ „ 0-(8.0 rad/s) 2 ... , 
co 2 = íy 2 + 2a6> => 6> = J — = 18 rad. 


2 (-1.8 rad/s 2 ) 


1 14. We make use of Table 10-2(e) as well as the parallel-axis theorem, Eq. 10-34, where 
needed. We use t (as a subscript) to refer to the long rod and s to refer to the short rod. 


(a) The rotational inertia is 

I = I s + I e = ^m s L] +^m t L) = 0.019 kg ■ m 2 . 

(b) We note that the center of the short rod is a distance of h = 0.25 m from the axis. The 
rotational inertia is 

/ = L+L = —mL 2 +mh 2 +—m,L] 
12 12 

which again yields/= 0.019 kg-m 2 . 


115. We employ energy methods in this solution; thus, considerations of positive versus 
negative sense (regarding the rotation of the wheel) are not relevant. 

(a) The speed of the box is related to the angular speed of the wheel by v = Rco, so that 


^ b o X = \ m bo y => v = BZbl = 1.41 m/s 

implies that the angular speed is co = 1.41/0.20 = 0.71 rad/s. Thus, the kinetic energy of 
rotation is \Iú) 2 = 10.0 J. 

(b) Since it was released from rest at what we will consider to be the reference position 
for gravitational potential, then (with SI units understood) energy conservation requires 

K 0 +U 0 =K + U => 0 + 0 = (6.0 + 10.0) + m box g(-/z). 


Therefore, h = 16.0/58.8 = 0.27 m. 


116. (a) One particle is on the axis, so r = 0 for it. For each of the others, the distance 
from the axis is 

r = (0.60 m) sin 60° = 0.52 m. 
Therefore, the rotational inertia is 7 = ^mr 2 = 0.27 kg • m 2 . 

(b) The two particles that are nearest the axis are each a distance of r = 0.30 m from it. 
The particle "opposite" from that side is a distance r = (0.60 m) sin 60° = 0.52 m from the 
axis. Thus, the rotational inertia is 

l = ^ m .rl = 0.22 kg -m 2 . 

(c) The distance from the axis for each of the particles is r = } (0.60 m) sin 60°. The 
rotational inertia is 


/ = 3(0.50 kg)(0.26 m) 2 =0.10 kg- m 2 . 


1 . The velocity of the car is a constant 

v = + (80 km/h) (1000 m/km)(l h/3600 s) í = (+22m/s)í, 
and the radius of the wheel is r = 0.66/2 = 0.33 m. 

(a) In the car's reference frame (where the lady perceives herself to be at rest) the road is 
moving towards the rear at v road = -v = -22m/s, and the motion of the tire is purely 
rotational. In this frame, the center of the tire is "fixed" so v center = 0. 

(b) Since the tire's motion is only rotational (not translational) in this frame, Eq. 10-18 
gives v top =(+22m/s)i. 

(c) The bottom-most point of the tire is (momentarily) in firm contact with the road (not 
skidding) and has the same velocity as the road: v bottom = (-22m/s)i. This also follows 
fromEq. 10-18. 

(d) This frame of reference is not accelerating, so "fixed" points within it have zero 
acceleration; thus, a cen ter = 0. 

(e) Not only is the motion purely rotational in this frame, but we also have co = constant, 
which means the only acceleration for points on the rim is radial (centripetal). Therefore, 
the magnitude of the acceleration is 

v 2 (22 m/s) 2 , c - /2 

a = — = - — = 1.5xl0 3 m/s . 

top r 0.33 m 1 

(f) The magnitude of the acceleration is the same as in part (d): abottom = 1.5 x 10 3 m/s 2 . 

(g) Now we examine the situation in the road's frame of reference (where the road is 
"fixed" and it is the car that appears to be moving). The center of the tire undergoes 
purely translational motion while points at the rim undergo a combination of translational 

and rotational motions. The velocity of the center of the tire is v = (+22m/s)i. 

(h) In part (b), we found v top car = +v and we use Eq. 4-39: 

v ,=v + v ,=vi + vi = 2vi 

top, ground top, car car, ground 

which yields 2v = +44 m/s. This is consistent with Fig. 1 l-3(c). 

(i) We can proceed as in part (h) or simply recall that the bottom-most point is in firm 
contact with the (zero-velocity) road. Either way - the answer is zero. 

(j) The translational motion of the center is constant; it does not accelerate. 


(k) Since we are transforming between constant-velocity frames of reference, the 

• is as ii 

(1) As explained in part (k), a = 1.5 x 10 3 m/s 2 . 


3 2 

accelerations are unaffected. The answer is as it was in part (e): 1.5 x 10 m/s 


2. The initial speed of the car is 

v = (80 km/h) (1000 m/km)(l h/3600 s) = 22.2 m/s . 
The tire radius is R = 0.750/2 = 0.375 m. 

(a) The initial speed of the car is the initial speed of the center of mass of the tire, so Eq. 
11-2 leads to 


v. 


com 0 


22.2 m/s 


= 59.3 rad/s. 


R 


0.375 m 


(b) With 0= (30.0)(2n) = 188 rad and co= 0, Eq. 10-14 leads to 


a 1 = cal + 2a0 => \a\ = 


(59.3 rad/s) 2 
2(188 rad) 


= 9.31 rad/s 2 . 


(c) Eq. 1 1-1 gives R0= 70.7 m for the distance traveled. 


3. Let Mbe the mass of the car (presumably including the mass of the wheels) and v be 
its speed. Let / be the rotational inertia of one wheel and co be the angular speed of each 
wheel. The kinetic energy of rotation is 


v2 


where the factor 4 appears because there are four wheels. The total kinetic energy is 
given by K = \ Mv 2 + 4(jIco 2 ) . The fraction of the total energy that is due to rotation is 


fraction = 


K 


Meo 2 


K 


Mv 2 +4Ico 2 


For a uniform disk (relative to its center of mass) I = \mR 2 (Table 10-2(c)). Since the 
wheels roll without sliding co= v/R (Eq. 11-2). Thus the numerator of our fraction is 


Meo 2 = 4 
and the fraction itself becomes 


1 


-mR 2 
V2 j 


v 


= 2mv 


fraction = 


2mv 2 


Mv z +2mv z M + 2m 1000 50 


The wheel radius cancels from the equations and is not needed in the computation. 


4. We use the results from section 1 1.3. 


(a) We substitute I = \MR 2 (Table 10-2(f)) and a 


O.lOginto Eq. 11-10: 


-0.10g = - 


gsin# 


gsiné? 


l + (f mr 2 )/mr 2 


7/5 


which yields 0= sin" 1 (0.14) = 8.0°. 

(b) The acceleration would be more. We can look at this in terms of forces or in terms of 
energy. In terms of forces, the uphill static friction would then be absent so the downhill 
acceleration would be due only to the downhill gravitational pull. In terms of energy, the 
rotational term in Eq. 11-5 would be absent so that the potential energy it started with 
would simply become \mv 2 (without it being "shared" with another term) resulting in a 
greater speed (and, because of Eq. 2-16, greater acceleration). 


5. By Eq. 10-52, the work required to stop the hoop is the negative of the initial kinetic 
energy of the hoop. The initial kinetic energy is K = \Ico 2 + \mv 2 (Eq. 11-5), where / = 

mR 2 is its rotational inertia about the center of mass, m = 140 kg, and v = 0.150 m/s is the 
speed of its center of mass. Eq. 11-2 relates the angular speed to the speed of the center of 
mass: a>= v/R. Thus, 


K - —mR 2 
2 


f 2 N 


R 2 


+ ^mv 2 =mv 2 = (140 kg) (0.150 m/s) 2 


which implies that the work required is - 3.15 J. 


6. From I = \MR 2 (Table 10-2(g)) we find 

3/ 3Í0.040kgm 2 ) 
2R 2 2(0.15 m) 2 

It also follows from the rotational inertia expression that \Ico 2 = j MR 2 co 2 . Furthermore, 
it rolls without slipping, v com = Rco, and we find 

K I0t _ \MR 2 co 2 


K com + K mt \mR 2 co 2 +\MR 2 co 2 

(a) Simplifying the above ratio, we find K m /K = 0.4. Thus, 40% of the kinetic energy is 
rotational, or 

iCrot = (0.4)(20 J) = 8.0 J. 

(b) From K mt = \M R 2 co 2 = 8.0 J (and using the above result for M) we find 


1 3(8.0 J) 

co = , P ^ = 20 rad/s 

0.15 my 2.7 kg ' 

which leads to v com = (0.15 m)(20 rad/s) = 3.0 m/s. 

(c) We note that the inclined distance of 1.0 m corresponds to a height h = 1.0 sin 30° 
0.50 m. Mechanical energy conservation leads to 

K t =K f +U f => 20J = K f +Mgh 

which yields (using the values of M and h found above) Kf= 6.9 J. 

(d) We found in part (a) that 40% of this must be rotational, so 


1 22/ \ 1 3(0.40)(6.9 J) 

-MR 2 a)l=(0A0)K f => co, = U ^ '- 

3 f \ ) f f 0.15 m\ 2.7 kg 

which yields <5^= 12 rad/s and leads to 

v com/ = Rco f = (0.15 m)(12 rad/s) = 1.8 m/s. 


7. WithF app =(10 N)i , we solve the problem by applying Eq. 9-14 and Eq. 1 1-37. 

(a) Newton's second law in the x direction leads to 

K PP =ma =>f t =10N-(10kg)(0.60 m/s 2 ) = 4.0 N. 

In unit vector notation, we have/ ç =(-4.0 N)i which points leftward. 

(b) With R = 0.30 m, we find the magnitude of the angular acceleration to be 

\a\ = |flcom| IR = 2.0 rad/s , 

from Eq. 11-6. The only force not directed towards (or away from) the center of mass is 
f s , and the torque it produces is clockwise: 

\t\ = l\a\ => (0.30m)(4.0N) = /(2.0rad/s 2 ) 
which yields the wheel's rotational inertia about its center of mass: I = 0.60 kg ■ m 2 . 


8. Using the floor as the reference position for computing potential energy, mechanical 
energy conservation leads to 

^rdease^top+^top => ^gh = ^V^ ffl + ^Idt + THg (27?) . 

Substituting I = \mr 2 (Table 10-2(f)) and co = v com /r (Eq. 11-2), we obtain 


1 2 


1 

^2 




+— 


mr 1 

com 


2 

v5 

) 

V r 

) 


+ 2mgR => g h = ^v 2 com + 2gR 


where we have canceled out mass m in that last step. 

(a) To be on the verge of losing contact with the loop (at the top) means the normal force 
is vanishingly small. In this case, Newton' s second law along the vertical direction (+y 
downward) leads to 

2 

V 

mg = ma r => g ■ 


R-r 


where we have used Eq. 10-23 for the radial (centripetal) acceleration (of the center of 
mass, which at this moment is a distance R — r from the center of the loop). Plugging the 
result v c 2 om = - r) into the previous expression stemming from energy considerations 
gives 

gh = ^{g){R-r) + 2gR 

which leads to h = 2.7R-0.7r~2.7R. With R = 14.0 cm , we have h = (2.7)(14.0 cm) = 
37.8 cm. 

(b) The energy considerations shown above (now with h = 6R) can be applied to point Q 
(which, however, is only at a height of R) yielding the condition 

which gives us v c 2 om = 50gR/7 . Recalling previous remarks about the radial acceleration, 
Newton' s second law applied to the horizontal axis at Q leads to 

N = m^ = m- 5 ° gR 


R-r 7(R-r) 
which (for R » r ) gives 


N g 50mg _ 50(2.80xlQ- 4 kg)(9.80 m/s 2 ) =1 96xlQ -2 N 


7 7 
(b) The direction is toward the center of the loop 


9. (a) We find its angular speed as it leaves the roof using conservation of energy. Its 
initial kinetic energy is K t = 0 and its initial potential energy is Ut = Mgh where 
h - 6.0sin30° = 3.0 m (we are using the edge of the roof as our reference levei for 
computing U). Its final kinetic energy (as it leaves the roof) is (Eq. 11-5) 


K f = \Mv 2 +\Ico 2 . 


Here we use v to denote the speed of its center of mass and co is its angular speed — at 
the moment it leaves the roof. Since (up to that moment) the bali rolls without sliding we 
can set v = Rco = v where R = 0.10 m. Using / = \ MR 2 (Table 10-2(c)), conservation of 
energy leads to 

Mgh = -Mv 2 +-Ico 2 =-MR 2 co 2 +-MR 2 co 2 = -MR 2 co 2 . 
2 2 2 4 4 

The mass M cancels from the equation, and we obtain 


(O 


= —J-gh = — - — J-Í9.8 m/s 2 )(3.0 m) = 63 rad/s. 
R\3 0.10mV3 v 1 


(b) Now this becomes a projectile motion of the type examined in Chapter 4. We put the 
origin at the position of the center of mass when the bali leaves the track (the "initial" 

position for this part of the problem) and take +x leftward and +y downward. The result 
of part (a) implies v 0 = Rco = 6.3 m/s, and we see from the figure that (with these positive 
direction choices) its components are 

v ox =v o cos 30° = 5.4 m/s 
v 0y =v o sin30° = 3.1 m/s. 

The projectile motion equations become 

1 2 

x = v 0x t and y = v 0y t + -gt . 

We first find the time when y = H= 5.0 m from the second equation (using the quadratic 
formula, choosing the positive root): 


f _ -v 0y + > /vo 2 y +2gg _ o 


74 s. 

g 


Then we substitute this into the x equation and obtainx = (5.4 m/s)(0.74 s) = 4.0 m. 


10. We plug a = -3.5 m/s 2 (where the magnitude of this number was estimated from the 
"rise over run" in the graph), 0 = 30°, M = 0.50 kg and R = 0.060 m into Eq. 11-10 and 
solve for the rotational inertia. We find /= 7.2 x 10 kg m . 


1 1 . To find where the bali lands, we need to know its speed as it leaves the track (using 
conservation of energy). Its initial kinetic energy is K { = 0 and its initial potential energy 
is Ui = M gH. Its final kinetic energy (as it leaves the track) isK f = \Mv 2 + \I(Q 2 (Eq. 

11-5) and its final potential energy is M gh. Here we use v to denote the speed of its 
center of mass and (O is its angular speed — at the moment it leaves the track. Since (up 
to that moment) the bali rolls without sliding we can set co = v/R. Using l = \MR 2 
(Table 10-2(f)), conservation of energy leads to 

MgH = -Mv 2 + -Ico 2 + Mgh = -Mv 2 + —Mv 2 + Mgh = —Mv 2 + Mgh. 
2 2 2 10 10 

The mass M cancels from the equation, and we obtain 


v = \^Lg(H-ti) = ^jy (9.8 m/s 2 )(6.0 m-2.0 m) = 7.48 m/s. 

Now this becomes a projectile motion of the type examined in Chapter 4. We put the 
origin at the position of the center of mass when the bali leaves the track (the "initial" 
position for this part of the problem) and take +x rightward and +y downward. Then 
(since the initial velocity is purely horizontal) the projectile motion equations become 

1 2 

x = vt and y = - — gt . 


Solving for x at the time when y = h, the second equation gives t = y]2h/g. Then, 
substituting this into the first equation, we find 


Í2h , v 2(2.0 m) 

x = v — = (7.48 m/s) . P / = 4.8 m. 

Vg v ; V 9.8 m/s 2 


12. (a) Let the turning point be designated P. By energy conservation, the mechanical 
energy atx = 7.0 m is equal to the mechanical energy at P. Thus, with Eq. 11-5, we have 

75 J = |mv p 2 + \l CO mCOç i + U p 

Using item (/) of Table 10-2 and Eq. 11-2 (which means, if this is to be a turning point, 
that a)p = v p = 0), we find U v = 75 J. On the graph, this seems to correspond to x = 2.0 m, 
and we conclude that there is a turning point (and this is it). The bali, therefore, does not 
reach the origin. 

(b) We note that there is no point (on the graph, to the right of x = 7.0 m) which is shown 
"higher" than 75 J, so we suspect that there is no turning point in this direction, and we 
seek the velocity v p at x = 13 m. If we obtain a real, nonzero answer, then our 
suspicion is correct (that it does reach this point P at x = 13 m). By energy conservation, 
the mechanical energy at x = 7.0 m is equal to the mechanical energy at P. Therefore, 

75 J = \mv v 2 + ^IcomCDp 2 + U p 

Again, using item (/) of Table 11-2, Eq. 11-2 (less trivially this time) and U p = 60 J (from 
the graph), as well as the numerical data given in the problem, we find v p = 7.3 m/s. 


13. (a) We choose clockwise as the negative rotational sense and rightwards as the 
positive translational direction. Thus, since this is the moment when it begins to roll 
smoothly, Eq. 11-2 becomes v com = -Rco = (-0.1 1 m)co. 

This velocity is positive-valued (rightward) since co is negative-valued (clockwise) as 
shown inFig. 11-57. 

(b) The force of friction exerted on the bali of mass m is -/l k mg (negative since it points 
left), and setting this equal to ma com leads to 

«con, = -Mg = "(0.21) (9.8 m/s 2 ) = -2.1 m/s 2 

where the minus sign indicates that the center of mass acceleration points left, opposite to 
its velocity, so that the bali is decelerating. 

(c) Measured about the center of mass, the torque exerted on the bali due to the frictional 
force is given by T = - l umgR . Using Table 10-2(f) for the rotational inertia, the angular 
acceleration becomes (using Eq. 10-45) 

I 2mR 2 /5 2R 2(0.11 m) 1 

where the minus sign indicates that the angular acceleration is clockwise, the same 
direction as co (so its angular motion is "speeding up"). 

(d) The center-of-mass of the sliding bali decelerates from v com ,o to v com during time t 
according to Eq. 2-11: v com = v coll ^ 0 - ^gí . During this time, the angular speed of the bali 

increases (in magnitude) from zero to \co\ according to Eq. 10-12: 

W = |a|í = -^^- = — 
1111 2R R 

where we have made use of our part (a) result in the last equality. We have two equations 
involving v com , so we eliminate that variable and find 

t _ 2v comfi _ 2(8.5 m/s) _ 12 ^ 
7jug 7(0.2l)(9.8m/s 2 ) 

(e) The skid length of the bali is (using Eq. 2-15) 

Ax = v com ^-|(//g)í 2 =(8.5m/s)(l.2s)-|(0.2l)(9.8m/s 2 )(l.2s) 2 =8.6 m. 

(f) The center of mass velocity at the time found in part (d) is 

v com = v com , 0 -Mgt = 8.5 m/s -(0.21) (9.8 m/s 2 ) (1.2 s) = 6.1 m/s. 


14. To find the center of mass speed v on the plateau, we use the projectile motion 
equations of Chapter 4. With v oy = 0 (and using "h" for h 2 ) Eq. 4-22 gives the time-of- 
flight as t = yHJi/g . Then Eq. 4-21 (squared, and using d for the horizontal displacement) 
gives v 2 = gd I2h. Now, to find the speed v p at point P, we apply energy conservation, i.e., 
mechanical energy on the plateau is equal to the mechanical energy at P. With Eq. 11-5, 
we obtain 

I 2 1 2. ' 2 1 2 

2«V + ^homOf + mghi= ^mVp + jlcomCOp 

2 2 

Using item (/) of Table 10-2, Eq. 11-2, and our expression (above) v = gd I2h, we obtain 

gd 2 /2h+10gh l /7 = v p 2 
which yields (using the values stated in the problem) v p = 1.34 m/s. 


15. The physics of a rolling object usually requires a separate and very careful discussion 
(above and beyond the basics of rotation discussed in chapter 10); this is done in the first 
three sections of chapter 11. Also, the normal force on something (which is here the 
center of mass of the bali) following a circular trajectory is discussed in section 6-6 (see 
particularly sample problem 6-7). Adapting Eq. 6-19 to the consideration of forces at the 
bottom of an are, we have 

Fu-Mg = Mv /r 

which tells us (since we are given F N = 2Mg) that the center of mass speed (squared) is v 
= gr, where r is the are radius (0.48 m) Thus, the ball's angular speed (squared) is 

o} = v 2 /R 2 = gr/R 2 , 

where R is the balfs radius. Plugging this into Eq. 10-5 and solving for the rotational 
inertia (about the center of mass), we find 

/ com = 2MhR 2 /r - MR 2 = Mi? 2 [2(0.36/0.48) - 1] . 

Thus, using the (3 notation suggested in the problem, we find 


p = 2(0.36/0.48)- 1 = 0.50. 


16. The physics of a rolling object usually requires a separate and very careful discussion 
(above and beyond the basics of rotation discussed in chapter 11); this is done in the first 
three sections of Chapter 11. Using energy conservation with Eq. 11-5 and solving for the 
rotational inertia (about the center of mass), we find 

7 com = 2MhR 2 /r - MR 2 = MR 2 [2g(H- h)/v 2 - 1] . 

Thus, using the (3 notation suggested in the problem, we find 

$ = 2g(H-h)/v 2 - 1. 

To proceed further, we need to find the center of mass speed v, which we do using the 
projectile motion equations of Chapter 4. With v oy = 0, Eq. 4-22 gives the time-of-flight 

as t = \}2h/g . Then Eq. 4-21 (squared, and using d for the horizontal displacement) gives 
v 2 = gd 2 /2h. Plugging this into our expression for (3 gives 

2g(H- h)lv 2 - 1 = Ah{H-h)ld 2 - 1 


Therefore, with the values given in the problem, we find (3 = 0.25. 


17. (a) The derivation of the acceleration is found in §11-4; Eq. 11-13 gives 

g 

where the positive direction is upward. We use 7 com = 950 g-cm 2 , M=120g, R 0 = 0.320 
cm and g = 980 cm/s and obtain 

980 cm/s 2 2 2 

a = — ; — i =- = 12.5 cm/s «13 cm/s . 


com I 


l + (950g cm 2 )/(120g)(0.32 cm) 


(b) Taking the coordinate origin at the initial position, Eq. 2-15 leads to y com = ja mm t 2 
Thus, we set y com = - 120 cm, and find 


\2y 2(-120cm) 

t= h^ L = J— r4 = 4 -38 s = 4.4 s. 

Va com V" 12 - 5cm /s 2 

(c) As it reaches the end of the string, its center of mass velocity is given by Eq. 2-11: 

v com = a com t = (-12.5 cm/s 2 ) (4.38 s) = -54.8 cm/s , 
so its linear speed then is approximately | v com | = 55 cm/s. 

(d) The translational kinetic energy is 

>v c 2 om = ±(0.120 kg)(0.548 m/s) 2 = 1.8xl0" 2 J . 

(e) The angular velocity is given by co= - v com /R 0 and the rotational kinetic energy is 

1 2 1 v ^ om _i (9.50xlQ- 5 kg-m 2 )(0.548 m/s) 2 

2 mmC ° "2 - Rl "2 ( 3 .2xl0- 3 m) 2 

which yields K mt = 1 .4 J. 

(f) The angular speed is 

|v I 0.548 m/s , „ , . , ~~ / 

ffl=^ = ^ = 1.7xl0 2 rad/s =27rev/s. 

i? 0 3.2xl0~ 3 m 7 


18. (a) The derivation of the acceleration is found in § 11-4; Eq. 11-13 gives 


a=- 8 


where the positive direction is upward. We use 7 com = MR 2 1 2 where the radius is R = 

0.32 m and M= 1 16 kg is the total mass (thus including the fact that there are two disks) 
and obtain 

a = I = I 

\ + (MR 2 /2)/MR 2 0 l + (R/R 0 f/2 

which yields a = -g/5 1 upon plugging in R 0 = R/\0 = 0.032 m. Thus, the magnitude of the 
center of mass acceleration is 0.19 m/s 2 . 

(b) As observed in §11-4, our result in part (a) applies to both the descending and the 
rising yoyo motions. 

(c) The externai forces on the center of mass consist of the cord tension (upward) and the 
pull of gravity (downward). Newton's second law leads to 

T - Mg = ma => T = m{ g-—\ = 1.1 x 10 3 N. 
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(d) Our result in part (c) indicates that the tension is well below the ultimate limit for the 
cord. 

(e) As we saw in our acceleration computation, ali that mattered was the ratio R/Ro (and, 
of course, g). So if it's a scaled-up version, then such ratios are unchanged and we obtain 
the same result. 


(f) Since the tension also depends on mass, then the larger yoyo will involve a larger cord 
tension. 


1 9. If we write r = xi + yj + zk, then (using Eq. 3-30) we find r x F is equal to 


( y F z -zF y )i + (zF x -xF z )} + (xF y -yF x )k. 


(a) In the above expression, we set (with SI units understood) x = 0, y = - 4.0, z = 3.0, F x 
= 2.0, F y = 0 and F z = 0. Then we obtain 


This has magnitude yj(6.0 N-m) 2 +(8.0 N-m) 2 =10 N mand is seen to be parallel to 

the yz plane. Its angle (measured counterclockwise from the +y direction) is 
tan" 1 (8/6) = 53°. 

(b) In the above expression, we set x = 0, y = - 4.0, z = 3.0, F x = 0, F y = 2.0 and F z = 4.0. 
Then we obtain f = FxF = (-22N-m)i. This has magnitude 22 N-m and points in the -x 
direction. 




20. If we write r = xi + yj + zk, then (using Eq. 3-30) we find FxF is equal to 

( y F z -zF y )i + (zF x -xF z )) + (xF y -yF x )k. 

(a) In the above expression, we set (with SI units understood) x = -2.0, y = 0, z = 4.0, F x 
= 6.0, F y = 0 and F z = 0. Thenwe obtain f = rxF = (24N-m)j. 

(b) The values are just as in part (a) with the exception that now F x = -6.0. We find 
f = rxF = (-24N-m)j. 

(c) In the above expression, we set x = -2.0, y = 0, z = 4.0, F x = 0, F y = 0 and F z = 6.0. 
Weget f = FxF = (12N-m)j. 


(d) The values are just as in part (c) with the exception that now F z = -6.0. We find 
f = FxF = (-12N-m)j. 


2 1 . If we write r = xi + yj + zk, then (using Eq. 3-30) we find FxF is equal to 

(yF z -zF y )i + (zF x -xF z )} + (xF y - yF x )k. 

With (using SI units) x = 0,y = - 4.0, z = 5.0, F x = 0, F y = -2.0 and F z = 3.0 (these latter 
terms being the individual forces that contribute to the net force), the expression above 
yields 

f = rxF = (-2.0N-m)í. 


22. If we write r' = x'i + y' j +z'k, then (using Eq. 3-30) we find f'xF is equal to 
(y'F z - z'F y ) i + (z'F x -x'F z )} + (x'F y - y'F x ) k. 

(a) Here, f' = f where F = 3.0i-2.0j + 4.0k, and F = F v Thus, dropping the prime in 
the above expression, we set (with SI units understood) x = 3.0, y = -2.0, z = 4.0, F x = 3.0, 
F y = -4.0 and F z = 5.0. Then we obtain 

f = rxF l = (6.0i-3.0j-6.0k) N m. 

(b) This is like part (a) but with F = F 2 . We plug in F x = -3.0, F y = -4.0 and F z = -5.0 
and obtain 

f = r xF 2 =(26Í + 3.0 j-18k) N-m. 

(c) We can proceed in either of two ways. We can add (vectorially) the answers from 
parts (a) and (b), or we can first add the two force vectors and then compute 

f = r x^Fj +F 2 s j (these total force components are computed in the next part). The result 
is 

f = Fx(F 1 + F 2 ) = (32Í-24k) N-m. 

(d) Now r' = r-r 0 where r o =3.0i + 2.0j + 4.0k. Therefore, in the above expression, we 
set x' =0,y'= -4.0, z = 0, and 

F x =3.0-3.0 = 0 
F y = -4.0-4.0 = -8.0 
F z =5.0-5.0 = 0. 

We get r = r'x(F 1 +F 2 ) = 0. 


23. If we write r = xi + yj + zk, then (using Eq. 3-30) we find r x F is equal to 

(yF z -zF y )l + (zF x -xF z )] + (xF y -yF x )k. 

(a) Plugging in, we find f = [(3.0m)(6.0N)-(4.0m)(-8.0N)]k = (50N ■ m) k. 

(b) We use Eq. 3-27, \r xF|=rFsin^, where (f> is the angle between r and F . Now 
r = ^x 2 +y 2 = 5.0 m and F = ^F x 2 + ~f] = 10 N. Thus, 

rF = (5.0 m)(lON) = 50N m, 

the same as the magnitude of the vector product calculated in part (a). This implies sin <f> 
= 1 and ^=90°. 


24. Eq. 11-14 (along with Eq. 3-30) gives 

f = rxF =4.00i +(12.0 + 2.00F x )j+ (14.0 + 3.00F x )k 

with SI units understood. Comparing this with the known expression for the torque (given 
in the problem statement), we see that F x must satisfy two conditions: 

12.0 + 2.00F X = 2.00 and 14.0 + 3.00F X = -1.00. 

The answer (F x = -5.00 N) satisfies both conditions. 


25. We use the notation r' to indicate the vector pointing from the axis of rotation 
directly to the position of the particle. If we write r' = x'i+y' j + z'k, then (using Eq. 
3-30) we find r'xF is equal to 

(y'F z - z ' Fy )l + {z'F x -x'F z )) + (x'F y -y'F x ) k. 

(a) Here, r' = r. Dropping the primes in the above expression, we set (with SI units 
understood) x = 0, y = 0.5, z = -2.0, F x = 2.0, F y = 0 and F z = -3.0. Then we obtain 


f = rx J F = (-1.5Í-4.0j-1.0k)Nm. 


(b) Now r' = r-r o where r o =2.0i-3.0k. Therefore, in the above expression, we set 
x' = -2.0, / = 0.5, z' = l. 0,^=2.0,^=0 andF z =-3.0. Thus, we obtain 


f = r'xF = (-1.5Í-4.0j-1.0k) N m. 


26. If we write f' = x'i+y' j + z'k, then (using Eq. 3-30) we find r' = v is equal to 

(y'v z - zv y ) i + (z'v x - x'v z ) j + [x'v y - y'v x ) k. 

(a) Here, r =r where r = 3 .0 í - 4.0 j. Thus, dropping the primes in the above expression, 
we set (with SI units understood) x = 3.0, y = -4.0,z= 0,v v =30, v y =60 and v z = 0. Then 
(with m = 2.0 kg) we obtain 

Í = m(rxv) = (6.0xl0 2 kg-m 2 /s)k. 

(b) Now r' = r-r 0 where r o =-2.0i-2.0j. Therefore, in the above expression, we set 
x ' = 5.0,/ = -2.0,z' = 0,v x =30,v v =60 and v z = 0 . We get 


Í = m(r'xv) = (7.2xl0 2 kg-m 2 /s)k. 


27. For the 3.1 kg particle, Eq. 11-21 yields 

£ l =r ±l mv l =(2.im) (3.1 kg) (3.6 m/s) = 3 1.2 kg-m 2 /s. 

Using the right-hand rule for vector products, we find this (r\ x p x ) is out of the page, or 

along the +z axis, perpendicular to the plane of Fig. 1 1-40. And for the 6.5 kg particle, we 
find 

t 2 =r ±2 mv 2 =(1.5 m) (6.5 kg) (2.2 m/s) = 21.4 kg-m 2 /s. 

And we use the right-hand rule again, finding that this (r 2 x p 2 ) is into the page, or in 
the -z direction. 

(a) The two angular momentum vectors are in opposite directions, so their vector sum is 
the difference of their magnitudes: L = t x - i 2 = 9.8 kg - m 2 /s. 

(b) The direction of the net angular momentum is along the +z axis. 


28. We note that the component of v perpendicular to r has magnitude v sin 61 where 
62= 30°. A similar observation applies to F . 

(a) Eq. 11-20 leads to £ = rmv ± =(3.0 m)(2.0 kg)(4.0 m/s)sin30° = 12 kg-m 2 /s. 

(b) Using the right-hand rule for vector products, we find r X p points out of the page, or 
along the +z axis, perpendicular to the plane of the figure. 

(c) Eq. 10-38 leads to T = rFún 0 2 =(3.0 m)(2.0 N)sin 30° = 3.0N-m. 

(d) Using the right-hand rule for vector products, we find r x F is also out of the page, or 
along the +z axis, perpendicular to the plane of the figure. 


29. (a) We use £ = mfxv, where r is the position vector of the object, v is its velocity 
vector, and m is its mass. Only the x and z components of the position and velocity 
vectors are nonzero, so Eq. 3-30 leads to r x v = (-xv z +zv z ) j. Therefore, 

l = m(-xv z +zv x )} = (0.25 kg)(-(2.0 m)(5.0 m/s) + (-2.0 m)(-5.0 m/s))j = 0. 

(b) If we write r = xi + yj + zk, then (using Eq. 3-30) we find rxF is equal to 

( y F z -zF y )i + (zF x -xF z )} + (xF y -yF x )k. 

With x = 2.0, z = -2.0, F y = 4.0 and ali other components zero (and SI units understood) 
the expression above yields 

r = FxF = (8.0Í + 8.0k) N m. 


30. (a) The acceleration vector is obtained by dividing the force vector by the (scalar) 
mass: 

a =F/m = (3.00 m/s 2 )í - (4.00 m/s 2 )] + (2.00 m/s 2 )k\ 

(b) Use of Eq. 11-18 leads directly to 

L = (42.0 kg m 2 /s)í + (24.0 kg m 2 /s)j + (60.0 kgm 2 /s)£ 

(c) Similarly, the torque is 

í=rxF= (-8.00 Nm)í - (26.0 Nm)j - (40.0 Nm)i 

(d) We note (using the Pythagorean theorem) that the magnitude of the velocity vector is 
7.35 m/s and that of the force is 10.8 N. The dot product of these two vectors is 

v F = - 48 (in SI units). Thus, Eq. 3-20 yields 

0= cos _1 [-48.0/(7.35 xl0.8)] = 127°. 


31. (a) Since the speed is (momentarily) zero when it reaches maximum height, the 
angular momentum is zero then. 

(b) With the convention (used in several places in the book) that clockwise sense is to be 
associated with the negative sign, we have L = - r L mv where r±= 2.00 m, m = 0.400 kg, 
and v is given by free-fall considerations (as in chapter 2). Specifically, _y max is 
determined by Eq. 2-16 with the speed at max height set to zero; we find y max = v 0 I2g 

where v 0 = 40.0 m/s. Then with y = \y max , Eq. 2-16 can be used to give v = v Q A/2 . In 
this way we arrive at L = -22.6 kg m /s. 

(c) As mentioned in the previous part, we use the minus sign in writing x = - r L F with the 
force F being equal (in magnitude) to mg. Thus, x = -7.84 N'm. 

(d) Due to the way r ± is defined it does not matter how far up the bali is. The answer is 
the same as in part (c), x = -7.84 N'm. 


32. We use a right-handed coordinate system with k directed out of the xy plane so as to 
be consistent with counterclockwise rotation (and the right-hand rule). Thus, ali the 

angular mo menta being considered are along the -k direction; for example, in part (b) 

£ = -4.0t 2 k in SI units. We use Eq. 1 1-23. 

(a) The angular momentum is constant so its derivative is zero. There is no torque in this 
instance. 

(b) Taking the derivative with respect to time, we obtain the torque: 


f = ^í = (-4.0k) — = (-8.0t N-m)k 


df 


dt 


dt 


This vector points in the - k direction (causing the clockwise motion to speed up) for ali t 
>0. 

(c) With Í = (-4.0VÕk in SI units, the torque is 


M-4.0£)^ = (-4.0k) 


( 1 A 


\2yft ) V 


2.0 


N-m. 


This vector points in the - k direction (causing the clockwise motion to speed up) for ali t 
> 0 (and it is undefined for t < 0). 


(d) Finally, we have 


dr 2 I . f8.0,~ A 


?= H 0fc )^r=(- 4 ' 0fc ) 


v * J 


N-m. 


v 1 J 


This vector points in the +k direction (causing the initially clockwise motion to slow 
down) for ali t > 0. 


33. If we write (for the general case) r = xi + yj + zk, then (using Eq. 3-30) we find rxv 
is equal to 

(yv z - zv y ) i + (zv x - xv z ) j + (xv y - yv x ) k. 

(a) The angular momentum is given by the vector product £ = mfxv, where r is the 
position vector of the particle, v is its velocity, and m = 3.0 kg is its mass. Substituting 
(with SI units understood) x = 3, y = 8, z = 0, v x = 5, v y = -6 and v z = 0 into the above 
expression, we obtain 

Í = (3.0)[(3.0)(-6.0)-(8.0)(5.0)]k = (-1.7xl0 2 kg m 2 /s)k. 

(b) The torque is given by Eq. 11-14, f = rxF. We write r=xi + yj and F ' = F x i and 
obtain 

^ = (xi + yj)x(F x í) = -yF x k 

since i x i = 0 and j x i = -k. Thus, we find 

f = -(8.0m)(-7.0N)k = (56N-m)k. 

(c) According to Newton's second law T = dl/dt, so the rate of change of the angular 

2 2 

momentum is 56 kg - m /s , in the positive z direction. 


34. The rate of change of the angular momentum is 

dl 

— = f +f =(2.0 N-m)i-(4.0 N-m)j. 
dt 


Consequently, the vector dl/dt has a magnitude ^(2.0 N ■ m) 2 + (-4.0 N ■ m) 2 = 4.5 N ■ m 

and is at an angle #(in the xy plane, or a plane parallel to it) measured from the positive x 
axis, where 


O = tan 


-4.0 N-m^ 
2.0 N-m 


: -63°, 


the negative sign indicating that the angle is measured clockwise as viewed "from above" 
(by a person on the+z axis). 


35. (a) We note that 


d r A 
v= — =8.0íi 
dt 


(2.0 + 12í)j 


with SI units understood. From Eq. 11-18 (for the angular momentum) and Eq. 3-30, we 
find the particle's angular momentum is 8t k . Using Eq. 11-23 (relating its time- 
derivative to the (single) torque) then yields X = (48t Ê) N ■ m . 

(b) From our (intermediate) result in part (a), we see the angular momentum increases in 
proportion to t 2 . 


36. (a) Eq. 10-34 gives a = x/I and Eq. 10-12 leads to co = at = xt/I. Therefore, the 
angular momentum at t = 0.033 s is 

= = (16N- m)(0.033s) = 0.53 kg- m 2 /s 

where this is essentially a derivation of the angular version of the impulse-momentum 
theorem. 

(b) We find 

Tt (16N-m)(0.033s) 

co = — = ± ^ -L = 440rad/s 

/ 1.2xl0~ 3 kg-m 2 


which we convert as follows: co= (440 rad/s)(60 s/min)(l rev/27i rad) = 4.2 xlO rev/min. 


37. (a) Since x = dLldt, the average torque acting during any interval Á t is given by 
r avg = [L f - L^jto, where L t is the initial angular momentum and Z./is the final angular 
momentum. Thus, 

0.800 kg ■ m 2 /s -3.00 kg ■ m 2 /s 

t = 5 '- 2 '— = -\Al N-m, 

avg 1.50s 

or |r avg | = 1.47 N-m . In this case the negative sign indicates that the direction of the 

torque is opposite the direction of the initial angular momentum, implicitly taken to be 
positive. 

(b) The angle turned is 0 = co 0 t + at 2 1 2. If the angular acceleration a is uniform, then so 
is the torque and a= x/I. Furthermore, coo = LJI, and we obtain 

Lt + Tt 2 12 Í3.00kg-m 2 /s)(1.50s) + (-1.467N-m)(1.50s) 2 /2 

6= f Tt ' = K - — 5 ' = 20.4rad. 

/ 0.140kgm 2 

(c) The work done on the wheel is 

W = TO = (-1. 47 N-m) (20.4 rad) = -29.9 J 

where more precise values are used in the calculation than what is shown here. An 
equally good method for finding W is Eq. 10-52, which, if desired, can be rewritten as 

W = (L 2 f -l} l )/2I. 

(d) The average power is the work done by the flywheel (the negative of the work done 
on the flywheel) divided by the time interval: 

W -29 8 J 
P avg =-— = -^^ = 19.9W. 
8 Át 1.50s 


38. We relate the motions of the various disks by examining their linear speeds (using Eq. 
10-18). The fact that the linear speed at the rim of disk A must equal the linear speed at 
the rim of disk C leads to (ú A = 2co c • The fact that the linear speed at the hub of disk A 
must equal the linear speed at the rim of disk B leads to co^ = \ (& B . Thus, (ú B = 4co c . The 

ratio of their angular momenta depend on these angular velocities as well as their 
rotational inertias (see item (c) in Table 11-2), which themselves depend on their masses. 

2 

If h is the thickness and p is the density of each disk, then each mass is pnR h. Therefore, 

2 2 

L c (ViSonRc hR c co c 

~T = 2 — ir^ = 1024 . 

l b {V 2 )pTiR B h R B (£) B 


39. (a) A particle contributes mr2 to the rotational inertia. Here r is the distance from the 
origin O to the particle. The total rotational inertia is 

/ = m(3í/) 2 +m(2J) 2 +m(í/) 2 =lW 2 =14(2.3xl0" 2 kg)(0.12m) 2 
= 4.6x1 0" 3 kg m 2 . 

(b) The angular momentum of the middle particle is given by L m = I m a>, where I m = Amã 
is its rotational inertia. Thus 

Z m =4mí/ 2 <y=4(2.3xl0- 2 kg)(0.12m) 2 (0.85 rad/s) = l.lxl(T 3 kg m 2 /s. 


(c) The total angular momentum is 

/<y=14mJ 2 <y=14(2.3xl0- 2 kg)(0.12m) 2 (0.85 rad/s) = 3.9xl(T 3 kg-m 2 /s. 


40. The results may be found by integrating Eq. 11-29 with respect to time, keeping in 

— > 

mind that L t = 0 and that the integration may be thought of as "adding the áreas" under 
the line-segments (in the plot of the torque versus time - with "áreas" under the time axis 

contributing negatively). It is helpful to keep in mind, also, that the area of a triangle is \ 

(base)(height). 

(a) We find that L = 24 kg m 2 /s at t = 7.0 s. 

(b) Similarly, L = 1.5 kg'm 2 /s at t = 20 s. 


41. (a) For the hoop, we use Table 10-2(h) and the parallel-axis theorem to obtain 


1 3 
7, = 7 com + mh = — mR + mR = —mR 


Of the thin bars (in the form of a square), the member along the rotation axis has 
(approximately) no rotational inertia about that axis (since it is thin), and the member 
farthest from it is very much like it (by being parallel to it) except that it is displaced by a 
distance h; it has rotational inertia given by the parallel axis theorem: 


I 2 = I com +mh=0 + mR 2 = mR 2 


Now the two members of the square perpendicular to the axis have the same rotational 
inertia (that is h = I4). We find h using Table 10-2(e) and the parallel-axis theorem: 


ÍD\ 2 

L = T „ m + mh 2 = — mR + m 


12 


R 

V2y 


-mR 2 
3 


19 -2 ,^„_2 


Therefore, the total rotational inertia is 

I l +I 2 +I 3 + I 4 = ^mR 2 = 1.6 kg • m 
(b) The angular speed is constant: 


Á0 2n ^ r ,. 

O) = = — = 2.5rad/s. 

At 2.5 ' 


Thus, I = / total íy = 4.0kg m 2 /s. 


42. Torque is the time derivative of the angular momentum. Thus, the change in the 
angular momentum is equal to the time integral of the torque. With 
r = (5.00 + 2.00í) N-m , the angular momentum as a function of time is (in units 

kg -m 2 /s ) 

L(t)= jtdt= \(5.00 + 2.00t)dt = L 0 +5.00t + 1.00t 2 

Since L = 5.00kgm 2 /s when í = 1.00s, the integration constant is Z 0 =-l. Thus, the 
complete expression of the angular momentum is 


L(t) = -\ + 5.00t + \.00t 2 . 


At t = 3 .00 s , we have L(t = 3 .00) = -1 + 5 .00(3 .00) + 1 .00(3 .00) 2 = 23 .0 kg ■ m 2 /s. 


43. (a) No externai torques act on the system consisting of the man, bricks, and platform, 
so the total angular momentum of the system is conserved. Let I t be the initial rotational 
inertia of the system and let I/be the final rotational inertia. Then IíCOí = IjCOf and 


60 f = 


co, = 


^Ó.Okgm 2 ^ 
2.0kgm 2 


(1.2rev/s) = 3.6rev/s. 


1 


1 


(b) The initial kinetic energy is K t =— I i (O i , the final kinetic energy is K, =—I f co f , 


and their ratio is 


K f _ I f oo)l2 _ (2.0kg-m 2 )(3.6rev/s) 2 /2 
K t Irfll (6.0kg-m 2 )(l.2rev/s) 2 /2 


= 3.0. 


(c) The man did work in decreasing the rotational inertia by pulling the bricks closer to 
his body. This energy carne from the man's store of internai energy. 


44. We use conservation of angular momentum: 

ImCOm IpCOp. 

The respective angles 0 m and 0 P by which the motor and probe rotate are therefore related 
by 

J I m co m dt = I m 6 m = J I p co p dt = I p 0 p 

which gives 

10 (12 kgm 2 ) (30°) 
I m 2.0 x IO" 3 kg m 2 

The number of revolutions for the rotor is then (1.8 x 10 5 )7(3607rev) = 5.0x IO 2 rev. 


45. (a) No externai torques act on the system consisting of the two wheels, so its total 
angular momentum is conserved. Let I\ be the rotational inertia of the wheel that is 
originally spinning (at co i ) and h be the rotational inertia of the wheel that is initially at 

rest. Then I x co i = + I 2 ) co f and 

/, 


O), - 


CO, 


where co f is the common final angular velocity of the wheels. Substituting I 2 = 1I\ and 
co i = 800 rev/min, we obtain co f = 267 rev/min. 

(b) The initial kinetic energy is K i =\I x co 2 i and the final kinetic energy is 
K f =\{l x + I 2 )co 2 f . We rewrite this as 


K f =\{h+2I X ) 


6 ' 


Therefore, the fraction lost, [K^K^ j^ is 


,_^ =1 _MZ6 = 2 =0667 
K ; lai/ 2 3 


46. Using Eq. 11-31 with angular momentum conservation, Li = Lf (Eq. 11-33) leads to 
the ratio of rotational inertias being inversely proportional to the ratio of angular 
velocities. Thus, ////, = 6/5 = 1.0 + 0.2. We interpret the "1.0" as the ratio of disk 
rotational inertias (which does not change in this problem) and the "0.2" as the ratio of 
the roach rotational inertial to that of the disk. Thus, the answer is 0.20. 


47. (a) We apply conservation of angular momentum: I\CO\ + hdh = (li + h)co. The 
angular speed after coupling is therefore 

= / 1 q+/ 2 ^ 2 = (3-3kg-m 2 )(450 rev/min) + (6.6kg m 2 ) (900 rev/min) 

I y +I 2 3.3kg-m 2 +6.6kg-m 2 
= 750 rev/min. 

(b) In this case, we obtain 

I X G\ + I 2 co 2 (3-3 kg ■ m 2 ) (450 rev/min) + (6.6 kg ■ m 2 ) (-900 rev/min) 
I x +I 2 3.3kg-m 2 + 6.6kgm 2 

= -450 rev/min 

or \cd | = 450 rev/min. 

(c) The minus sign indicates that ã) is in the direction of the second disk's initial angular 
velocity - clockwise. 


48. Angular momentum conservation I i co i = I f co f leads to 


co, 


co, 


^co, = 3 


which implies 


K f I f co)l2 ijco^ 


K, IMI2 I 


íV<°íJ 


= 3. 


49. No externai torques act on the system consisting of the train and wheel, so the total 
angular momentum of the system (which is initially zero) remains zero. Let / = MR 2 be 
the rotational inertia of the wheel. Its final angular momentum is 


L f = Iok = -MR 2 \co\k, 


where k is up in Fig. 1 1-47 and that last step (with the minus sign) is done in recognition 


that the wheel 's clockwise rotation implies a negative value for co. The linear speed of a 
point on the track is újR and the speed of the train (going counterclockwise in Fig. 1 1-47 
with speed V relative to an outside observer) is therefore v' = v - \co\R where v is its 
speed relative to the tracks. Consequently, the angular momentum of the train is 
m(v - \cd\ R) R k . Conservation of angular momentum yields 




When this equation is solved for the angular speed, the result is 


co \= 


mvR v (0.15 m/s) 


= 0.17 rad/s. 


(M + m)R 2 (M/m + \)R (1.1+1)(0.43 m) 


50. So that we don't get confused about ± signs, we write the angular speed to the lazy 
Susan as \cd\ and reserve the co symbol for the angular velocity (which, using a common 

convention, is negative-valued when the rotation is clockwise). When the roach "stops" 
we recognize that it comes to rest relative to the lazy Susan (not relative to the ground). 

(a) Angular momentum conservation leads to 


which we can write (recalling our discussion about angular speed versus angular velocity) 
as 


We solve for the final angular speed of the system: 

mvR-I\a^\ _ (017 kg)(2.0 m/s)(0.15 m)- (5.0x1 0 3 kg-m 2 )(2.8 rad/s) 
f mR 2 +I ~ (5.0X10" 3 kg m 2 ) + (0.17kg)(0.15m) 2 

= 4.2 rad/s. 

(b) No, K f ^ K t and — if desired — we can solve for the difference: 

ml v 2 +ú)lR 2 +2Rv\co n \ 


mvR + Ia> 0 = (mR 2 + l)a> 


7 


mvR- I\ú) () \ = -i 


(mR 2 + l)\co 



2 


mR 2 + I 


which is clearly positive. Thus, some of the initial kinetic energy is "lost" — that is, 
transferred to another form. And the culprit is the roach, who must find it difficult to stop 
(and "internalize" that energy). 


5 1 . We assume that from the moment of grabbing the stick onward, they maintain rigid 
postures so that the system can be analyzed as a symmetrical rigid body with center of 
mass midway between the skaters. 

(a) The total linear momentum is zero (the skaters have the same mass and equal-and- 
opposite velocities). Thus, their center of mass (the middle of the 3.0 m long stick) 
remains fixed and they execute circular motion (of radius r = 1 .5 m) about it. 

(b) Using Eq. 10-18, their angular velocity (counterclockwise as seen in Fig. 1 1-48) is 

v 1.4 m/s ... 

(O = - = = 0.93 rad/s. 

r 1.5 m 

(c) Their rotational inertia is that of two particles in circular motion at r = 1 .5 m, so Eq. 
10-33 yields 

/ = £mr 2 =2(50kg)(1.5 m) 2 =225 kg m 2 . 
Therefore, Eq. 10-34 leads to 

^ = 1/^ =1(225 kg -m 2 ) (0.93 rad/s) 2 =98 J. 

(d) Angular momentum is conserved in this process. If we label the angular velocity 
found in part (a) 0) i and the rotational inertia of part (b) as we have 

7 ( .ffi>. = (225 kg ■ m 2 ) (0.93 rad/s) = I f co f . 

The final rotational inertia is ^mrj where r/ = 0.5 m so 7 / =25kg-m 2 . Using this 
value, the above expression gives co f = 8.4 rad/s. 

(e) We find 

K f =^I f a? f = ^ (25 kg -m 2 ) (8.4 rad/s) 2 =8.8xl0 2 J. 

(f) We account for the large increase in kinetic energy (part (e) minus part (c)) by noting 
that the skaters do a great deal of work (converting their internai energy into mechanical 
energy) as they pull themselves closer — "fighting" what appears to them to be large 
"centrifugal forces" trying to keep them apart. 


52. The gravitational force acts at the center of mass and cannot provide a torque to 
change the bola's angular momentum during the fiight. So, the angular momentum before 
and after the configuration change must be equal. We treat both configurations as a rigid 
object rotating around a fixed point. The initial and final rotational inertias are 

/, = m(2£f + m(2£f + m(0) 2 = %mi 2 
I f = m f + ml 2 + m f = 3mf. 

(a) Since angular momentum is conserved, L t = L f , or 1.(0. = I f co f . Thus, 

CQf = /, = 8m£ 2 = 8 =2? 
co, I f 3m£ 2 3 

(b) The initial and final kinetic energies are K t =I i a> 2 /2 and^ =I f co 2 f /2, respectively. 
Thus, we find the ratio to be 


K f _I f coj/2 

Jf 


2 _h 


2 

h 

_8 

K t lrf/2 

h 






~3 


= 2.7. 


53. For simplicity, we assume the record is turning freely, without any work being done 
by its motor (and without any friction at the bearings or at the stylus trying to slow it 
down). Before the collision, the angular momentum of the system (presumed positive) is 
I i co i where I t =5.0xl0~ 4 kg-m 2 and ú) i =4.7 rad/s. The rotational inertia afterwards is 

I f =I i +mR 2 

where m = 0.020 kg and R = 0.10 m. The mass of the record (0.10 kg), although given in 
the problem, is not used in the solution. Angular momentum conservation leads to 

Lo): =l f co f ^co f = — =3.4 rad/s. 
' ' f 1 f 1,+mR 2 


54. Table 10-2 gives the rotational inertia of a thin rod rotating about a perpendicular axis 
through its center. The angular speeds of the two arms are, respectively, 

(0.500 rev)(2^r rad/rev) t tn ,. 
co, = = 4.49 rad/s 

1 0.700 s 

(1.00rev)(2^rrad/rev) . no 
co, - = 8.98 rad/s. 

2 0.700 s 

Treating each arm as a thin rod of mass 4.0 kg and length 0.60 m, the angular momenta 
of the two arms are 

L x = Ico x = mr 2 co x = (4.0 kg)(0.60 m) 2 (4.49 rad/s) = 6.46 kg ■ m 2 /s 
L 2 = Ico 2 = mr 2 co 2 = (4.0 kg)(0.60 m) 2 (8.98 rad/s) = 12.92 kg m 2 /s. 

From the athlete's reference frame, one arm rotates clockwise, while the other rotates 
counterclockwise. Thus, the total angular momentum about the common rotation axis 
though the shoulders is 


L = L 2 -L X = 12.92 kg ■ m 2 /s - 6.46 kg ■ m 2 /s = 6.46 kg ■ m 2 /s. 


55. The axis of rotation is in the middle of the rod, with r = 0.25 m from either end. By 
Eq. 11-19, the initial angular momentum of the system (which is just that of the bullet, 
before impact) is rmv siné? where m = 0.003 kg and 6= 60°. Relative to the axis, this is 
counterclockwise and thus (by the common convention) positive. After the collision, the 
moment of inertia of the system is 


where 7 rod = ML 2 I\2 by Table 10-2(e), with M = 4.0 kg and L = 0.5 m. Angular 
momentum conservation leads to 


I = Irod + mr 2 


C 


1 


rmv sin O 


MI ■ 


mr 


.2 


CO. 


V 


12 


J 


Thus, with a>= 10 rad/s, we obtain 


v = 


12 


(4.0 kg) (0.5 mf + (0.003 kg) (0.25 m) 2 


(0.25 m)(0.003 kg)sin60° 



56. We denote the cockroach with subscript 1 and the disk with subscript 2. The 
cockroach has a mass m\ = m, while the mass of the disk is m 2 = 4.00 m. 

(a) Initially the angular momentum of the system consisting of the cockroach and the disk 
is 

A = m i v u r v + l i G) 2i = m,co Q R 2 + -m 2 ú) 0 R 2 . 

After the cockroach has completed its walk, its position (relative to the axis) is r lf = R/2 
so the final angular momentum of the system is 


L f = m x co f 


(- 

v2, 


+ —m-,C0fR 

o 2 J 


Then from Lf = L, we obtain 


—m,R 2 + — rruR 
V 4 1 2 j 


\ i 

= 0) 


'o 


m x R 2 +-^m 2 R 2 


Thus, 


co f = 


m l R 2 +m 2 R 2 /2 
ym.R 2 /4 + m 2 R 2 jl j 


«0 = 


' \ + {m 2 lm,)l2 ^ 


l/4 + (m 2 /m 1 )/2 y 


íy 0 = 


1+2 N 
v l/4 + 2j 


co 0 =\.33ú) 0 . 


With ftb = 0.260 rad/s, we have í^=0.347 rad/s. 

1 2 1 
(b) We substitute I = Llco into K = —Ico and obtain K = — Lco. Since we have L t = Lf, 

the kinetic energy ratio becomes 


K L f co f 12 co f 


K 0 ú) 0 


= ^- = 1.33. 


(c) The cockroach does positive work while walking toward the center of the disk, 
increasing the total kinetic energy of the system. 


57. By angular momentum conservation (Eq. 11-33), the total angular momentum after 
the explosion must be equal to before the explosion: 

L' p+ L' r =L p+ L r 

(f)mvp + j^ML 2 co = I p co + ML 2 co 

where one must be careful to avoid confusing the length of the rod (L = 0.800 m) with the 
angular momentum symbol. Note that I p = m(L/2) 2 by Eq.10-33, and 

CO = Vend/r = (Vp " 6)/(Z/2), 

where the latter relation follows from the penultimate sentence in the problem (and "6" 
stands for "6.00 m/s" here). Since M = 3m and co = 20 rad/s, we end up with enough 
information to solve for the particle speed: v p = 1 1.0 m/s. 


58. (a) With r = 0.60 m, we obtain/= 0.060 + (0.501)r 2 = 0.24 kg • m 2 . 
(b) Invoking angular momentum conservation, with SI units understood, 

£ 0 =L f => mv 0 r = /íy => (0.00l)v 0 (0.60) = (0.24)(4.5) 

which leads to vq = 1.8 x 10 m/s. 


59. Their angular velocities, when they are stuck to each other, are equal, regardless of 
whether they share the same central axis. The initial rotational inertia of the system is 


A) Aigdisk Amalldisk 


1 , 

where I hlgálsk =-MR 


using Table 10-2(c). Similarly, since the small disk is initially concentric with the big one, 
7 smalldisk = \mr 2 . After it slides, the rotational inertia of the small disk is found from the 

parallel axis theorem (using h= R-r). Thus, the new rotational inertia of the system is 

1 1 2 

I = -MR 2 +-mr 2 +m(R-r) . 

2 2 V ; 


(a) Angular momentum conservation, /o&b = Ico, leads to the new angular velocity: 

(MR 2 1 2) + (mr 2 1 2) 


OJ= O), 


(MR 2 1 2) + (mr 2 /2) + m(R-rf 


Substituting M = \0m and R = 3r, this becomes eo= &b(91/99). Thus, with ú^ = 20 rad/s, 
we find co= 18 rad/s. 

(b) From the previous part, we know that 


7 0 _91 


and 


co 91 


co, 99 


I 99 

Plugging these into the ratio of kinetic energies, we have 


K 

_ Ico 2 l2 

I 


2 

99 



I 0 co 2 /2 




"91 

v99 y 


= 0.92. 


60. The initial rotational inertia of the system is I, = Tdisk + Estudem, where /disk = 300 

2 2 

kg - m (which, incidentally, does agree with Table 10-2(c)) and / stu dent = mR where m = 
60 kg and R = 2.0 m. 

The rotational inertia when the student reaches r = 0.5 m is If = /disk + tnr . Angular 
momentum conservation leads to 

1,(0, ■= 1 , 00 f => CO f = (O, 


which yields, for (0= 1.5 rad/s, a final angular velocity of (Of= 2.6 rad/s. 


61. We make the unconventional choice of clockwise sense as positive, so that the 
angular velocities in this problem are positive. With r = 0.60 m and Io = 0.12 kg • m , the 
rotational inertia of the putty-rod system (after the collision) is 

7 = / 0 + (0.20)r 2 = 0.19kg-m 2 . 


Invoking angular momentum conservation L 0 = L, or I 0 co 0 =Ico,wq have 


L 0.12 kg -m 2 ,„ A ,, N , , 

0) = — ^ l = — r (2.4rad/s) = 1.5rad/s. 

7 0 0.19kgm 2V ; 


62. We treat the ballerina as a rigid object rotating around a fixed axis, initially and then 
again near maximum height. Her initial rotational inertia (trunk and one leg extending 
outward at a 90° angle) is 

h = Arunk + 4 g = 0-660 kg ■ m 2 + 1 .44 kg ■ m 2 = 2. 1 0 kg ■ m 2 . 

Similarly, her final rotational inertia (trunk and both legs extending outward at a 0 - 30° 
angle) is 

I f = / tmnk + 2/ leg sin 2 e = 0.660 kg ■ m 2 + 2(1 .44 kg ■ m 2 ) sin 2 30° = 1 .38 kg ■ m 2 , 

where we have used the fact that the effective length of the extended leg at an angle 6 is 
L ± =Lsind and / ~ Z^.Once air-borne, there is no externai torque about the ballerina' s 
center of mass and her angular momentum cannot change. Therefore, L i = L f or 
1^ = I f co f , and the ratio of the angular speeds is 

(O f _I l _ 2.10kg-m 2 _ 152 
co i I f 1.38 kg -m 2 


63. (a) We consider conservation of angular momentum (Eq. 1 1-33) about the center of 
the rod: 

1 9 

L.=L f => -dmv + — MLú) = 0 
' J 12 

where negative is used for "clockwise." Item (e) in Table 11-2 and Eq. 11-21 (with r L = d) 
have also been used. This leads to 

MZ 2 co = M(0.60m) 2 (80rad/s) 
a \2mv~ 12(M/3)(40 m/s) u.isum. 

(b) Increasing d causes the magnitude of the negative (clockwise) term in the above 
equation to increase. This would make the total angular momentum negative before the 
collision, and (by Eq. 11-33) also negative afterwards. Thus, the system would rotate 
clockwise if d were greater. 


64. The aerialist is in extended position with I x = 19.9kgm 2 during the first and last 
quarter of the turn, so the total angle rotated in t x is 0 X = 0.500 rev. In t 2 he is in a tuck 
position with I 2 = 3.93 kg m 2 , and the total angle rotated is 0 2 =3.500 rev. Since there 
is no externai torque about his center of mass, angular momentum is conserved, 
I x a\ = I 2 ú) 2 . Therefore, the total flight time can be written as 


t = t 1 +t 2 = -L + ^- = 



J 


Substituting the values given, we find a> 2 to be 


CA 



1.87s^3.93 kg-m 


1 f 19.9 kgm 2 


2 \ 

T (0.500 rev) + 3.50 rev =3.23 rev/s. 


J 


65. This is a completely inelastic collision which we analyze using angular momentum 
conservation. Let m and v 0 be the mass and initial speed of the bali and R the radius of the 
merry-go-round. The initial angular momentum is 

2 =r 0 xp Q ^>£ 0 = R(mv 0 ) cos37° 

where ^=37° is the angle betweenv 0 and the line tangent to the outer edge of the merry- 
go-around. Thus, £ Q = 19kg m 2 /s . Now, with SI units understood, 

£ 0 =L f => 19kgm 2 =Ia=(l50 + (30)R 2 +(l.0)R 2 )ú) 


so that a= 0.070 rad/s. 


66. We make the unconventional choice of clockwise sense as positive, so that the 
angular velocities (and angles) in this problem are positive. Mechanical energy 
conservation applied to the particle (before impact) leads to 


mgh = ~ mvl ^>v = yjlgh 

for its speed right before undergoing the completely inelastic collision with the rod. The 
collision is described by angular momentum conservation: 

mvd = (/ rod + md 2 ^a> 
where 7 ro d is found using Table 10-2(e) and the parallel axis theorem: 


■Md 2 


Thus, we obtain the angular velocity of the system immediately after the collision: 

md^jlgh 


co- 


(Md 2 /3) + md 2 


which means the system has kinetic energy (/ rod +md 2 )&> 2 12 which will turn into 

potential energy in the final position, where the block has reached a height H (relative to 
the lowest point) and the center of mass of the stick has increased its height by H/2. From 
trigonometric considerations, we note that//= d{\ - cos#), so we have 


1/ ,n , H 1 m 2 d 2 (2gh) 


c 


M 


m + 

v 2j 


gd (l-cos#) 


from which we obtain 


0- cos 


1- 


m h 


(m+M/2) (m+M/3) 


■ cos 


1- 


hld 


(\ + M/2m) (l+M/3m) 


= cos 


= 32°. 


1- 


(20 cm/ 40 cm) 
(l + l)(l + 2/3) 


= cos^(0.85) 


67. (a) If we consider a short time interval from just before the wad hits to just after it hits 
and sticks, we may use the principie of conservation of angular momentum. The initial 
angular momentum is the angular momentum of the falling putty wad. The wad initially 
moves along a line that is d/2 distant from the axis of rotation, where d = 0.500 m is the 
length of the rod. The angular momentum of the wad is mvd/2 where m = 0.0500 kg and 
v = 3.00 m/s are the mass and initial speed of the wad. After the wad sticks, the rod has 
angular velocity O) and angular momentum Ico, where I is the rotational inertia of the 
system consisting of the rod with the two balis and the wad at its end. Conservation of 
angular momentum yields mvd/2 = /«where 

/ = (2M + m)(d/2) 2 

and M = 2.00 kg is the mass of each of the balis. We solve 

mvd/2 = (2 M + m)(d/2f co 

for the angular speed: 

2mv 2(0.0500 kg)(3.00 m/s) 

co = - — = — — — = 0.148 rad/s. 

(2M + m)d (2(2.00 kg) + 0.0500 kg)(0.500 m) ' 

(b) The initial kinetic energy is K i =}mv 2 , the final kinetic energy is K f -\lco 1 , and 
their ratio is K f /K t = Ico 2 /mv 2 . When / = (2M + m)d 2 /4 and co = 2mv/(2M + m)d 
are substituted, this becomes 

K f _ m _ 0.0500 kg _ 0Q123 

K t 2M + m 2 (2.00 kg) + 0.0500 kg 

(c) As the rod rotates, the sum of its kinetic and potential energies is conserved. If one of 
the balis is lowered a distance h, the other is raised the same distance and the sum of the 
potential energies of the balis does not change. We need consider only the potential 
energy of the putty wad. It moves through a 90° are to reach the lowest point on its path, 
gaining kinetic energy and losing gravitational potential energy as it goes. It then swings 
up through an angle 8, losing kinetic energy and gaining potential energy, until it 
momentarily comes to rest. Take the lowest point on the path to be the zero of potential 
energy. It starts a distance d/2 above this point, so its initial potential energy is Í7, = 
mgd/2. If it swings up to the angular position 6, as measured from its lowest point, then 
its final height is {d/2)(\ - cos 0) above the lowest point and its final potential energy is 


U f = mg(d/2)(\ - cos0). 


The initial kinetic energy is the sum of that of the balis and wad: 


K. =^Iú) 2 =^(2M + m)(d/2f ú) 2 


At its final position, we have Kf=0. Conservation of energy provides the relation: 


mg — + — (2M + m) — O) 2 = mg — (l-cos#). 
2 2 y 2 ) 2 


When this equation is solved for cos 6, the result is 


cosO- -— 
2 


( 2M + m\ 


(d) 2 1 


— \co= — 

{ mg ) 

UJ 2 

V 


2(2.00 kg) + 0.0500 kg 
(0.0500 kg) (9.8 m/s 2 ) 


0.500 m 


(0.148 rad/s) 2 


= -0.0226. 


Consequently, the result for 6 is 91.3°. The total angle through which it has swung is 90° 
+ 91.3° = 181°. 


68. (a) The angular speed of the top is co=30 rev/s = 30(2;r) rad/s . The precession rate of 
the top can be obtained by using Eq. 1 1-46: 

Q=jfel= (0.50k l 0(9.8 m /.'X0.040m) 
/<y (5. Oxl O" 4 kg m 2 )(60^ rad/s) 

(b) The direction of the precession is clockwise as viewed from overhead. 


69. The precession rate can be obtained by using Eq. 1 1-46 with r =(11/2) cm = 0.055 m. 
Noting that h^MR 2 /! and its angular speed is 


co =1000 rev/min = 2;r(1QQQ) rad/s«1.0xl0 2 rad/s, 

60 


we have 

n= 

(MR 2 l2)co R 2 co (0.50 m) 2 ( 1.0x1 0 2 rad/s) 


Q= Mgr = 2^ = 2(9.8 m/s 2 )(0.055 m) mQMl ^ 


70. Item (i) in Table 10-2 gives the moment of inertia about the center of mass in terms of 
width a (0.15 m) and length b (0.20 m). In using the parallel axis theorem, the distance 
from the center to the point about which it spins (as described in the problem) is 
V(fl/4) 2 + (ô/4) 2 . If we denote the thickness as h (0.012 m) then the volume is abh, which 
means the mass is pabh (where p = 2640 kg/m is the density). We can write the kinetic 
energy in terms of the angular momentum by substituting co = L/l into Eq. 10-34: 

K= i*L = i (0.1 04) 2 = 

2/ 2 p a bh((a 2 + b 2 yi2 + (a/4) 2 + (b/4) 2 ) U, ° J • 


71. We denote the cat with subscript 1 and the ring with subscript 2. The cat has a mass 
m\ = M/4, while the mass of the ring is m.2 = M = 8.00 kg. The moment of inertia of the 
ring is I 2 = m 2 (R 2 + R 2 )/2 (Table 10-2), and Ii=m\r 2 for the cat, where r is the 
perpendicular distance from the axis of rotation. 


Initially the angular momentum of the system consisting of the cat (at r = R 2 ) and the ring 
is 


A = "Wi,- + 1 2<°2i = m l a 0 Rl + ^m 2 (Rf +R 2 2 )ú) 0 = m,R 2 2 co Q 


1+i^ 
2 m. 


Vi 

V^2 J 


After the cat has crawled to the inner edge at r = R l the final angular momentum of the 
system is 


L f = m x co f R\ + m 2 (R 2 + R 2 )co f = m x R 2 co f 


1+1^ 

2 m. 


1 + ^r 


V 


R 


Then from Lf = L t we obtain 


co 


f _ 


\ R \J 


1 + i^ 

2 m 


'tf ^ 


íf +1 


1 V^2 


1 + i^ 

2 m. 


1+* 2 


l + 2(0.25 + l) =1273 
1 + 2(1 + 4) 


i J 


Thus, £0y = 1 .273&> 0 . Using ffib =8.00 rad/s, we have íty=10.2 rad/s. By substituting 7 = 

Llco into K = Ico 2 1 2 , we obtain K = Lco/2. Since = Z,/, the kinetic energy ratio 
becomes 

K f L f co f l2 co f 

-^ = ^A_ — =^ = i.273. 

K t L&/2 co 0 

which implies AK = K f —K. = 0.273/^. . The cat does positive work while walking toward 
the center of the ring, increasing the total kinetic energy of the system. 

Since the initial kinetic energy is given by 


kA 

' 2 
1 


m x R 2 2 + ^m 2 {R 2 +R 2 2 ) 


oi^m.Rlco 2 


1+ I Hh 

2 m. 


í p2 ^ 

V^2 J 


= ^(2.00 kg)(0.800 m) 2 (8.00 rad/s) 2 [l+(l/2)(4)(0.5 2 +l)] 
=143.36 J, 


the increase in kinetic energy is 

AK = (0.273)(143.36 J)=39.1 J. 


72. The total angular momentum (about the origin) before the collision (using Eq. 11-18 
and Eq. 3-30 for each particle and then adding the terms) is 

Li = [(0.5 m)(2.5 kg)(3.0 m/s) + (0.1 m)(4.0 kg)(4.5 m/s)]íc. 

The final angular momentum of the stuck-together particles (after the collision) measured 
relative to the origin is (using Eq. 1 1-33) 


Lf = Li = (5.55 kgm 2 /s)k. 


73. (a) The diagram below shows the particles and their lines of motion. The origin is 
marked O and may be anywhere. The angular momentum of particle 1 has magnitude 

í x =mvr ] sin 0 l =mvi y d + H) 

and it is into the page. The angular momentum of 
particle 2 has magnitude 

d 

í 2 = mvr 2 sin 6 2 = mvh 

V 
A 

and it is out of the page. The net angular 
momentum has magnitude \* 

I 

L = mv(d + h) — mvh = mvd 
= (2.90xl(T 4 kg)(5.46 m/s)(0.042 m) 
= 6.65xl(T 5 kg rnVs. 

and is into the page. This result is independent of the location of the origin. 

(b) As indicated above, the expression does not change. 

(c) Suppose particle 2 is traveling to the right. Then 

L = mv(d + h) + mvh = mv(d + 2h). 

This result depends on h, the distance from the origin to one of the lines of motion. If the 
origin is midway between the lines of motion, then h = -d/2 and L = 0. 



(d) As we have seen in part (c), the result depends on the choice of origin. 


74. (a) We use Table 10-2(e) and the parallel-axis theorem to obtain the rod's rotational 
inertia about an axis through one end: 


i crV 1 

/ = / +Mh 2 = — ML 2 + M " ' 

com ^ ^ 


= -ML 2 


where L = 6.00 m andM= 10.0/9.8 = 1.02 kg. Thus, the inertia is / = 12.2 kg ■ m 2 . 

(b) Using co= (240)(27t/60) = 25.1 rad/s, Eq. 11-31 gives the magnitude of the angular 
momentum as 

1(0 = (12.2 kg ■ m 2 ) (25. 1 rad/s) = 308 kg ■ m 2 /s . 

Since it is rotating clockwise as viewed from above, then the right-hand rule indicates 
that its direction is down. 


75. We use L = Ico and K = \lco 1 and observe that the speed of points on the rim 
(corresponding to the speed of points on the belt) of wheels A and B must be the same (so 
cq a Ra = CúBr B ). 


(a) If L A = L B (call it L) then the ratio of rotational inertias is 


i a = i Ml = ^l = ^l = L =0333 

I B Lj(o B co b Rg 3 


(b) If we have K A = K B (call it K) then the ratio of rotational inertias becomes 


Ia _ 2K < 


í Y 
' CO, ' 


\ R BJ 


= -=0.111. 
9 


76. Both r and v lie in the xy plane. The position vector r has an x component that is a 
function of time (being the integral of the x component of velocity, which is itself time- 
dependent) and ay component that is constant (y = -2.0 m). In the cross product rxv, 
ali that matters is they component of r since v x £ 0 but v y = 0: 

r x v = -yv x k . 

(a) The angular momentum is í = m{fxv) where the mass is m = 2.0 kg in this case. 
With SI units understood and using the above cross-product expression, we have 

Í = (2.0)(-(-2.0)(-6.0í 2 ))k=-24í 2 k 

in kg m /s. This implies the particle is moving clockwise (as observed by someone on 
the +z axis) for t > 0. 

(b) The torque is caused by the (net) force F = ma where 

dv , . _ ?. , 2 
a = — = (-12íi)m/s . 

The remark above that only the y component of r still applies, since a y = 0. We use 
f = fxF = m(fxã) and obtain 

f = (2.0)(-(-2.0) (-12í))k = (-48t k) N ■ m. 

The torque on the particle (as observed by someone on the +z axis) is clockwise, causing 
the particle motion (which was clockwise to begin with) to increase. 

(c) We replace r with r' (measured relative to the new reference point) and note (again) 
that only its y component matters in these calculations. Thus, with y = -2.0 - (-3.0) = 
1.0 m, we find 

? = (2.0) (-(1.0) (-6.0í 2 ))k = (12í 2 k)kg-m 2 /s.. 

The fact that this is positive implies that the particle is moving counterclockwise relative 
to the new reference point. 

(d) Using f = r'xF = m{r'xã), we obtain 

? = (2.0)(-(1.0)(-12í))k = (24í k)N-m.. 

The torque on the particle (as observed by someone on the +z axis) is counterclockwise, 
relative to the new reference point. 


77. As the wheel-axel system rolls down the inclined plane by a distance d, the decrease 
in potential energy is ÍS.U = mgdúnd . This must be equal to the total kinetic energy 
gained: 

mgd sin# = — mv 2 + — Ico 2 . 
2 2 

Since the axel rolls without slipping, the angular speed is given by co-vl r , where r is 
the radius of the axel. The above equation then becomes 


1 2 

mgdún0 =—Ico 


mr 


+ 1 


í 2 \ 

mr 

+1 


v 


J 


(a) With m=10.0 kg, d = 2.00 m, r = 0.200 m, and / = 0.600 kg ■ m 2 , mr 2 /I =2/3, the 
rotational kinetic energy may be obtained as 98 J = K m (5/3) , or K mt =58.8 J . 


(b) The translational kinetic energy is K tmris =(98-58.8)J = 39.2 J. 


78. (a) The acceleration is given by Eq. 11-13: 


g 

where upward is the positive translational direction. Taking the coordinate origin at the 
initial position, Eq. 2-15 leads to 

1 2 _ _ \gt 2 

^com — V com,(/ ~ a corvf ~ V comff i . t / i/ D 2 
1 ] - + Koml MK 0 

where y com = - 1.2 m and v com> o = - 1.3 m/s. Substituting 7 com = 0.000095 kg m 2 , M = 
0.12 kg, Rq = 0.0032 m and g = 9.8 m/s , we use the quadratic formula and find 


t = 


f 1 + MRl ) |^com,0 + yf^Lfi mZ]mR$ ) 


g 

r 


l , 0.000095 | / 1 3 -r In 3^2 2(9.8)(-1.2) \ 

(0.12)(0.0032) 2 J \ ' V l+0.000095/(0.12)(0.0032) 2 / 

— 

= -21.7 or 0.885 
where we choose t = 0.89 s as the answer. 

(b) We note that the initial potential energy is ET) = Mgh and h = 1 .2 m (using the bottom 
as the reference levei for computing U). The initial kinetic energy is as shown in Eq. 11-5, 
where the initial angular and linear speeds are related by Eq. 11-2. Energy conservation 
leads to 


K,=K.+U j =-mv 2 com ,+-I 


com,U 
v ^0 J 


+ Mgh 

\ 2 


= i(0.12kg)(1.3m/s) 2 + i(9.5xl0- 5 kg.m 2 )|^^^-j +(0.12 kg) (9.8 m/s 2 ) (1.2 m) 
= 9.4 J. 


(c) As it reaches the end of the string, its center of mass velocity is given by Eq. 2-11: 

gt 

^com ^com,0 ^com^ ^com,0 1 . t / j ,rn2 ' 


Thus, we obtain 

Í9.8m/s 2 )(0.885 s) 

v =-1.3 m/s ^ '- 5 — = -1.41 m/s 

0.000095 kgm 2 

Ih - 

(0.12kg)(0.0032 m) 2 
so its linear speed at that moment is approximately 1.4 m/s . 

(d) The translational kinetic energy is \mv\ oxa = |(0.12 kg) (-1.41 m/s) 2 = 0.12 J. 

(e) The angular velocity at that moment is given by 

0)= - V ^l = - ~ L41m/s = 441rad/s « 4.4x1 0 2 rad/s . 
R 0 0.0032 m 

(f) And the rotational kinetic energy is 

l^com^ 2 =| (9.50x1 0" 5 kg -m 2 ) (441 rad/s) 2 = 9.2 J. 


79. (a) When the small sphere is released at the edge of the large "bowl" (the hemisphere 
of radius R), its center of mass is at the same height at that edge, but when it is at the 
bottom of the "bowl" its center of mass is a distance r above the bottom surface of the 
hemisphere. Since the small sphere descends by R - r, its loss in gravitational potential 
energy is mg(R- r), which, by conservation of mechanical energy, is equal to its kinetic 
energy at the bottom of the track. Thus, 

^ = mg(i?-r) = (5.6xKT 4 kg)(9.8 m/s 2 )(0.15 m - 0.0025 m) = 8.1xl0" 4 J. 

(b) Using Eq. 11-5 for K, the asked-for fraction becomes 


K„ 


Ma 1 


K \Ico 2 +{Mvl om 


Substituting v com = Ra (Eq. 11-2) and / = f MR 2 (Table 10-2(f)), we obtain 


K, 


rot _ 


,1— .1.029. 


(c) The small sphere is executing circular motion so that when it reaches the bottom, it 
experiences a radial acceleration upward (in the direction of the normal force which the 
"bowl" exerts on it). FromNewton's second law along the vertical axis, the normal force 
F N satisfies F N - mg = ma com where 


a c 0m = v c 0m / ( R - r ) 


Therefore, 


mv 

F N =mg + —^ 
R-r 


mg (R — r) + mv, 
R-r 


But from part (a), mg{R -r) = K, and from Eq. 11-5, \mv 2 mm = K- K mt . Thus, 


F N = 


K + 2{K-K mt ) 


R-r 


K > 
yR-rj 


f K ^ 

-"-rot 

yR-rj 


We now plug in R - r = K/mg and use the result of part (b): 


F N =3mg-2mg 


v ' J 


17 


17 


mg = y(5.6xl0~ 4 kg)(9.8m/s 2 ) = 1.3x10"' N. 


80. Conservation of energy implies that mechanical energy at maximum height up the 
ramp is equal to the mechanical energy on the floor. Thus, using Eq. 1 1-5, we have 


— mv 2 . + — L nm col + mgh = — mv 2 + — L nm O) 2 


where v f = co f = 0 at the point on the ramp where it (momentarily) stops. We note that the 
height h relates to the distance traveled along the ramp d by h = í/sin(15°). Using item (/) 
in Table 10-2 and Eq. 11-2, we obtain 


1 2 1 
me-í/sinl5° = — mv + — 

2 2 


f2 n2 ^ 


-mR 2 


15 ) 



1 2 1 2 ^ 2 

= — mv + — mv = — mv . 


2 5 10 
After canceling m and plugging in d = 1 .5 m, we frnd v = 2.33 m/s. 


81. (a) Interpreting h as the height increase for the center of mass of the body, then (using 
Eq. 11-5) mechanical energy conservation, K t = U f , leads to 


-fflv 2 „ m +— Ico 2 = mgh 
2 ™ 2 


1 2 1 , 

— mv + — 1 

2 2 



2 



= mg 

v4gj 



from which v cancels and we obtain / = \mR 


(b) From Table 10-2(c), we see that the body could be a solid cylinder. 


82. (a) Using Eq. 2-16 for the translational (center-of-mass) motion, we find 

v 2 = vi + 2aAx =>a = — 

0 2Áx 

which yields a = -4.1 1 for vo = 43 and Ax = 225 (SI units understood). The magnitude of 
the linear acceleration of the center of mass is therefore 4.1 1 m/s 2 . 

(b) With R = 0.250 m, Eq. 11-6 gives 

|a| = |a|/i? = 16.4rad/s 2 . 

If the wheel is going rightward, it is rotating in a clockwise sense. Since it is slowing 
down, this angular acceleration is counterclockwise (opposite to aí) so (with the usual 
convention that counterclockwise is positive) there is no need for the absolute value signs 
for a. 


(c) Eq. 11-8 applies with Rf s representing the magnitude of the frictional torque. Thus, 
Rf s =Ia= (0.155 kg-m 2 ) (16.4 rad/s 2 ) = 2.55 N-m. 


83. If the polar cap melts, the resulting body of water will effectively increase the 
equatorial radius of the Earth from R e to R' e = R e + AR , thereby increasing the moment of 
inertia of the Earth and slowing its rotation (by conservation of angular momentum), 
causing the duration Tofa day to increase by AT. We note that (in rad/s) co = 2%/T so 

co' _ 2n/T' _ T 
co ~ 2n/T ~ T' 

from which it follows that 

Aco co' 1 _ T AT 

co ~ co ~ r r ' 

We can approximate that last denominator as T so that we end up with the simple 
relationship \A(o\j(Q = AT/T . Now, conservation of angular momentum gives us 

AL = 0 = A(leo) - /(Affl) + co(Al) 

so that \Aco\/co = AI/I . Thus, using our expectation that rotational inertia is proportional 

to the equatorial radius squared (supported by Table 10-2(f) for a perfect uniform sphere, 
but then this isn't a perfect uniform sphere) we have 

Ar_AZ_ À(fl e 2 ) ^ 2M e _ 2(30m) 
T ~ I ~ R 2 e R e ~6.37xl0 6 m 

so with T = 86400s we find (approximately) that AT = 0.8 s. The radius of the earth can 
be found in Appendix C or on the inside front cover of the textbook. 


84. With r ± = 1300 m, Eq. 11-21 gives 

^= r± mv=(1300m)(12001^)(80m / s)=1.2xl0 8 l^-m7s. 


85. (a) In terms of the radius of gyration k, the rotational inertia of the merry-go-round is 
I = Mk 2 . We obtain 


7 = (180 kg) (0.910 m) 2 = 149 kg m 2 . 


(b) An object moving along a straight line has angular momentum about any point that is 
not on the line. The magnitude of the angular momentum of the child about the center of 
the merry-go-round is given by Eq. 11-21, mvR, where R is the radius of the merry-go- 
round. Therefore, 


4J = ( 44 -° kg)(3.00 m/s)(l.20 m) = 158 kg - m 2 / s. 


(c) No externai torques act on the system consisting of the child and the merry-go-round, 
so the total angular momentum of the system is conserved. The initial angular momentum 
is given by mvR; the final angular momentum is given by (I + mR ) co, where co is the 
final common angular velocity of the merry-go-round and child. Thus mvR = (/ + mi? 2 )&> 
and 

mv & 158kg-m 2 /s n - AA ,/ 

co = T = '- T = 0.744 rad/s. 

I + mR 2 149 kg ■ m 2 + (44.0 kg)(l.20 m) 


— > — * 

86. For a constant (single) torque, Eq. 1 1-29 becomes T = = ^ . Thus, we obtain Aí 
= 600/50 = 12 s. 


87. This problem involves the vector cross product of vectors lying in the xy plane. For 
such vectors, if we write r' = x'i + y'j , then (using Eq. 3-30) we find 

r'xv = (x'v y -y'v x )L 

(a) Here, r' points in either the +i or the -i direction (since the particle moves along 
the x axis). It has no y or z components, and neither does v , so it is clear from the 

above expression (or, more simply, from the fact that i x i = 0) that i = m{r'xv) = 0 in 
this case. 

(b) The net force is in the -i direction (as one finds from differentiating the velocity 
expression, yielding the acceleration), so, similar to what we found in part (a), we obtain 
T = P'xF = 0. 

(c) Now, r' = f — r 0 where r o = 2.0i + 5.0 j (with SI units understood) and points from (2.0, 
5.0, 0) to the instantaneous position of the car (indicated by r which points in either the 
+x or -x directions, or nowhere (if the car is passing through the origin)). Since r xv = 0 
we have (plugging into our general expression above) 

£ = m(r'xv) = -m{r 0 Xv) = -(3.0) ((2.0) (0) - (5.0) (-2.0t 3 )) k 
which yields 7 = (-30í 3 k) kg ■ m/s 2 . 

- , ^ 

(d) The acceleration vector is given by a = ^f- = -6.0t i in SI units, and the net force on 
the car is ma. In a similar argument to that given in the previous part, we have 

f = m {r' x ã) = -m (r 0 x ã) = -(3.0) ((2.0) (0) - (5.0) (-6.0t 2 )) k 
which yields f = (-90í 2 k) N ■ m. 

(e) In this situation, r' = r-r o where r o =2.0i-5.0j (with SI units understood) and 
points from (2.0, -5.0, 0) to the instantaneous position of the car (indicated by r which 
points in either the +x or -x directions, or nowhere (if the car is passing through the 
origin)). Since r x v = 0 we have (plugging into our general expression above) 

£ = m(r'xv) = -m (r 0 xv) = -(3.0) ((2.0) (0) - (-5.0) (-2.0t 3 )) k 

which yields 2 = (30í 3 k) kg ■ m 2 /s. 

(f) Again, the acceleration vector is given by a = -6.0t i in SI units, and the net force on 
the car is ma. In a similar argument to that given in the previous part, we have 

f = m {f ' x ã) = -m (r Q x ã) = -(3.0) ((2.0) (0) - (-5.0) (-6.0t 2 )) k 
which yields f = (90í 2 k) N ■ m. 


88. The rotational kinetic energy is K = \Ico 2 , where / = mR 2 is its rotational inertia 

about the center of mass (Table 10-2(a)), m = 140 kg, and co = v com /R (Eq. 11-2). The 
ratio is 

K , imv 2 


89. We note that its mass is M = 36/9.8 = 3.67 kg and its rotational inertia is 
h om =\MR 2 (Table 10-2(f)). 

(a) Using Eq. 11-2, Eq. 11-5 becomes 


1 , i , i \í„ ^ 2 


—MR Í 
v5 j 


v„ 


R 


1,7, 
+ -Mv 2 =—Mv 2 
2 com 10 com 


which yields AT= 61.7 J for v com = 4.9 m/s. 

(b) This kinetic energy turns into potential energy Mgh at some height h = d sin 0 where 
the sphere comes to rest. Therefore, we find the distance traveled up the #=30° incline 
from energy conservation: 

— Mv c 2 om = MgdúnO =í> = — ^^ = 3.43m. 
10 10gsin(9 


(c) As shown in the previous part, M cancels in the calculation for d. Since the answer is 
independent of mass, then, it is also independent of the sphere's weight. 


90. The speed of the center of mass of the car is v = (40)( 1000/3600) = 11 m/s. The 
angular speed of the wheels is given by Eq. 11-2: eo= v/R where the wheel radius R is not 
given (but will be seen to cancel in these calculations). 


(a) For one wheel of mass M= 32 kg, Eq. 10-34 gives (using Table 10-2(c)) 


1 


MR 


J 


v 


= -Mv 2 
4 


which yields K mt = 9.9 x 10 J. The time given in the problem (10 s) is not used in the 
solution. 


(b) Adding the above to the wheel' s translational kinetic energy, \ Mv 1 , leads to 


^ wh ee, =^Mv 2 +^Mv 2 =|(32kg)(llm/s) 2 =3.0xl0 3 J. 


(c) With M car = 1700 kg and the fact that there are four wheels, we have 

1 


'-Mv 2 
^4 ) 


= 1.2xl0 3 J. 


91. We denote the wheel with subscript 1 and the whole system with subscript 2. We take 
clockwise as the negative sense for rotation (as is the usual convention). 

(a) Conservation of angular momentum gives L = l\CO\= hdh, where/j = m x B^ . Thus 

/ , Í37 N/9.8 m/s 2 )(0.35m) 2 

a = co x = (-57.7 rad/s)^ — = -12.7 rad/s, 

I 2 2.1 kg -m 

or | co 2 1= 12.7 rad/s . 

(b) The system rotates clockwise (as seen from above) at the rate of 12.7 rad/s. 


92. Information relevant to this calculation can be found in Appendix C or on the inside 
front cover of the textbook. The angular speed is constant so 

271 271 „ „ , , , 

co = — = = 7.3 x 10 rad/s. 

T 86400 ' 

Thus, with m = 84 kg and R = 6.37 x IO 6 m, we find l = mR 2 co = 2.5 x IO 11 kg ■ m 2 /s. 


93. The initial angular momentum of the system is zero. The final angular momentum of 
the girl-plus-merry-go-round is (7 + MR 2 ) co which we will take to be positive. The final 
angular momentum we associate with the thrown rock is negative: -mRv, where v is the 
speed (positive, by definition) of the rock relative to the ground. 

(a) Angular momentum conservation leads to 



mRv 


I + MR 


(b) The girl's linear speed is given by Eq. 10-18: 


94. (a) With p = mv =-16j kg m/s, we take the vector cross product (using either Eq. 
3-30 or, more simply, Eq. 1 1-20 and the right-hand rule): £ = rxp = (-32 kg ■ m /s)k. 

(b) Now the axis passes through the point i? = 4.0j m, parallel with the z axis. With 

r ' = r - R = 2.0 i m, we again take the cross product and arrive at the same result as 
before: 

1' = r'xp = (-32 kg-m 2 /s)k. 

(c) Torque is defined in Eq. 11-14: f = rxF = (12 N ■ m)k. 

(d) Using the notation from part (b), f = r ' x F = 0. 


95. We make the unconventional choice of clockwise sense as positive, so that the 
angular acceleration is positive (as is the linear acceleration of the center of mass, since 
we take rightwards as positive). 

(a) We approach this in the manner of Eq. 11-3 (puré rotation about point P) but use 
torques instead of energy. The torque (relative to point P) is T = I p a , where 


with the use of the parallel-axis theorem and Table 10-2(c). The torque is due to the 
F = 12 N force and can be written as t = F '(27?) . In this way, we find 



MR 1 + MR 2 = —MR 2 
2 


T = I p OC= — 


MR 1 a = 2RF a 


J 


app 


which leads to 



4(12 N) 


= 16rad/s 2 . 


3MR 2 /2 3MR 3(10 kg)(0.10 m) 


2 

Hence, a com = Ra= 1.6 m/s . 


2 

(b) As shown above, a= 16 rad/s . 


(c) Applying Newton's second law in its linear form yields (12 N) -/ = Ma mm . 
Therefore,/= -4.0 N. Contradicting what we assumed in setting up our force equation, 
the friction force is found to point rightward with magnitude 4.0 N, i.e., / = (4.0 N)i . 


96. (a) Sample Problem 10-8 gives /= 19.64 kg m 2 and CG = 1466 rad/s. Thus, the angular 
momentum is 

L = Ico = (19.64 kg ■ m 2 )(l 466 rad/s) « 2.9xl0 4 kg ■ m 2 /s. 

(b) We rewrite Eq. 1 1-29 as | f avg | = | AL \ I At and plug in | AL \ = 2.9x1 0 4 kg ■ m 2 /s and 
At = 0.025 s , which leads to I f I = 1.2xl0 6 N ■ m . 


97. Since we will be taking the vector cross product in the course of our calculations, 
below, we note first that when the two vectors in a cross product AxB are in the xy 
plane, we have A = A x i + A y j and B = B x i + B v ) , and Eq. 3-30 leads to 

ÃxB = (A x B y -A y B x )k. 

Now, we choose coordinates centered on point O, with +x rightwards and +y upwards. In 
unit-vector notation, the initial position of the particle, then, is r Q = s i and its later 

position (halfway to the ground) is r =s'\-\h'}. Using either the free-fall equations of 

Ch. 2 or the energy techniques of Ch. 8, we find the speed at its later position to be 

v - ^2g\Ay\ = yfgh . Its momentum there is p = -M- s fghj . We find the angular 

momentum using Eq. 11-18 and our observation, above, about the cross product of two 
vectors in the xy plane: 

£ = rxp = -sM-Jghk 

Therefore, its magnitude is 

\£\ = sM^h= (0.45 m)(0.25 kg)V(9.8 m/s 2 )(1.8 m) = 0.47 kg ■ m 2 /s . 


98. This problem involves the vector cross product of vectors lying in the xy plane. For 
such vectors, if we write r = xi + yj, then (using Eq. 3-30) we find 


rxp = [Axp y -Ayp x )k. 

The momentum components are 

p x =p cos 0 
p y =p sin 9 

where p = 2.4 (SI units understood) and 0 = 115°. The mass (0.80 kg) given in the 
problem is not used in the solution. Thus, with x = 2.0, y = 3.0 and the momentum 
components described above, we obtain 

£ = rxp = (7.4kg ■ m 2 /s )k. 


1 . (a) The center of mass is given by 

0 + 0 + 0 + (m)(2.00 m) + (m)(2.00 m) + (m)(2.00 m) , nn 

x com = = 1 .00 m. 

6m 

(b) Similarly, we have 

0 + (m)(2.00 m) + (m)(4.00 m) + (m)(4.00 m) + (m)(2.00 m) + 0 

v = — — — - — — — - — — — - — — = 2.00 m. 

J com r 

Offl 

(c) Using Eq. 12-14 and noting that the gravitational effects are different at the different 
locations in this problem, we have 


_ x.m.g, + x 2 m 2 g 2 + x 3 m 3 g } + x 4 m 4 g 4 + x 5 m 5 g 5 + x b m b g b _ Q 9gy 


J mg. ™ lgl + Mlgl + m ^ + ™ 4g4 + msgs + ™ bgb 


(d) Similarly, y cog = [0 + (2.00)(m)(7.80) + (4.00)(m)(7.60) + (4.00)(m)(7.40) + 
(2.00)(m)(7.60) + 0]/(8.00m + 7.80m + 7.60m + 7.40m + 7.60m + 7.80m) = 1.97 m. 


2. The situation is somewhat similar to that depicted for problem 10 (see the figure that 
accompanies that problem). By analyzing the forces at the "kink" where F is exerted, we 
find (since the acceleration is zero) 2T sin 6 = F, where 6 is the angle (taken positive) 
between each segment of the string and its "relaxed" position (when the two segments are 
collinear). Setting T = F therefore yields O = 30°. Since a = 180° - 29 is the angle 
between the two segments, then we find a= 120°. 


3. The object exerts a downward force of magnitude F = 3160 N at the midpoint of the 
rope, causing a "kink" similar to that shown for problem 10 (see the figure that 
accompanies that problem). By analyzing the forces at the "kink" where F is exerted, we 
find (since the acceleration is zero) 2T sind = F, where O is the angle (taken positive) 
between each segment of the string and its "relaxed" position (when the two segments are 
colinear). In this problem, we have 


0.35m 


0 = tan 


= 11.5°. 


v 


1.72m 


J 


Therefore, T= F/(2sin6>) = 7.92 x 10 3 N. 


4. From f=rxF, we note that persons 1 through 4 exert torques pointing out of the 
page (relative to the fulcrum), and persons 5 through 8 exert torques pointing into the 
page. 

(a) Among persons 1 through 4, the largest magnitude of torque is (330 N)(3 m) = 990 
N-m, due to the weight of person 2. 

(b) Among persons 5 through 8, the largest magnitude of torque is (330 N)(3 m) = 990 
N-m, due to the weight of person 7. 


5. Three forces act on the sphere: the tension force f of the rope 
(acting along the rope), the force of the wall F N (acting horizontally 
away from the wall), and the force of gravity mg (acting 
downward). Since the sphere is in equilibrium they sum to zero. Let 
0 be the angle between the rope and the vertical. Then Newton's 
second law gives 


vertical component : 
horizontal component: 


7 cos 0- mg = 0 
F n -Túvl 0=0. 


(a) We solve the first equation for the tension: T = mg/ cos 0. We 
substitute cos + r 2 to obtain 



mgyjÚ+r 2 _ (0.85 kg)(9.8 m/s 2 )V(0.080 m) 2 +(0.042 m) 2 


L 


0.080 m 


= 9.4N. 


(b) We solve the second equation for the normal force: F N =Tsin0 


Using sin + r 2 , we obtain 

mgyjL 2 +r 2 r _ mgr _ (0.85 kg)(9.8 m/s 2 )(0.042 m) 
L 


F N = 


Tr 


4l 


2 . 2 

+ r 


4l 


2 . 2 

+ r 


L 


(0.080 m) 


= 4.4 N. 


6. Our notation is as follows: M = 1360 kg is the mass of the automobile; L = 3.05 m is 
the horizontal distance between the axles; € = (3.05 — 1 .78) m = 1.27 mis the horizontal 
distance from the rear axle to the center of mass; F\ is the force exerted on each front 
wheel; and, F 2 is the force exerted on each back wheel. 


(a) Taking torques about the rear axle, we find 


F _ Mgi _ (1 360 kg) (9.80 m/s 2 ) (1 .27 m) _ 2 ?? y { q3 n 
1 2L 2(3.05 m) 


(b) Equilibrium of forces leads to2Fj +2F 2 = Mg, from which we obtainF 2 =3.89xl0 3 N. 


7. We take the force of the left pedestal to be F\ at x = 0, where the x axis is along the 
diving board. We take the force of the right pedestal to be F2 and denote its position as x 
= d. W is the weight of the diver, located at x = L. The following two equations result 
from setting the sum of forces equal to zero (with upwards positive), and the sum of 
torques (about xi) equal to zero: 


F 1 +F 2 -W = 0 
F l d + W(L-d) = 0 


(a) The second equation gives 


F=-^-W = - 


^ 3.0m ^ 
1.5m 


(580N)=-1160N 


which should be rounded offto F x = -1.2xl0 3 N . Thus, | F l \= 1.2x1 0 3 N. 


(b) Since F\ is negative, indicating that this force is downward. 

(c) The first equation gives F 2 = W - F x = 5 80 N+ 1 1 60 N= 1 740 N 


which should be rounded offto F 2 =1.7xl0 3 N. Thus, | F 2 \= 1.7x1 0 3 N. 


(d) The result is positive, indicating that this force is upward. 

(e) The force of the diving board on the left pedestal is upward (opposite to the force of 
the pedestal on the diving board), so this pedestal is being stretched. 

(f) The force of the diving board on the right pedestal is downward, so this pedestal is 
being compressed. 


8. Let i x = 1.5 mand^ 2 =(5.0-1.5) m = 3.5 m. We denote tension in the cable closer to 

the window as F\ and that in the other cable as F 2 . The force of gravity on the scaffold 
itself (of magnitude m s g) is at its midpoint, £ 3 = 2.5mfrom either end. 


(a) Taking torques about the end of the plank farthest from the window washer, we find 

p = m w gl 2 + m s gí, = (80 kg) (9.8 m/s 2 ) (3 .5 m)+(60 kg) (9.8 m/s 2 ) (2.5 m) 
1 i x +í 2 5.0m 

= 8.4xl0 2 N. 

(b) Equilibrium of forces leads to 

F x +F 2 = m s g + m w g = (60 kg+80 kg) (9. 8 m/s 2 ) = 1 .4 x 1 0 3 N 

which (using our result from part (a)) yields F 2 = 5.3 x 10 2 N . 


9. The forces on the ladder are shown in the diagram on the right. F\ is 
the force of the window, horizontal because the window is frictionless. 
F2 and F3 are components of the force of the ground on the ladder. M is 
the mass of the window cleaner and m is the mass of the ladder. 

The force of gravity on the man acts at a point 3.0 m up the ladder and 
the force of gravity on the ladder acts at the center of the ladder. Let 9 
be the angle between the ladder and the ground. We use 

cos0 = d/Lor sin0 = Vi 2 -d 2 IL to find 0 = 60°. Here L is the length 
of the ladder (5.0 m) and d is the distance from the wall to the foot of 
the ladder (2.5 m). 

(a) Since the ladder is in equilibrium the sum of the torques about its 
foot (or any other point) vanishes. Let ^be the distance from the foot of the ladder to the 
position of the window cleaner. Then, 

Mgl cos 0 + mg (L 1 2) cos 0 - F X L sin 0 = 0 , 

and 

_ (M£ + mL/2)gcos0 _ [(75kg)(3.0m)+(10kg)(2.5m)](9.8m/s 2 )cos60° 
1_ Zsintf ~ (5.0m)sin60° 

= 2.8xl0 2 N. 

This force is outward, away from the wall. The force of the ladder on the window has the 
same magnitude but is in the opposite direction: it is approximately 280 N, inward. 

(b) The sum of the horizontal forces and the sum of the vertical forces also vanish: 

F 2 - Mg - mg = 0 

The first of these equations gives F i = F l = 2.8 x 10 2 N and the second gives 
F 2 = (M + m)g = (75kg + 10kg)(9.8m/s 2 ) = 8.3xl0 2 N 

The magnitude of the force of the ground on the ladder is given by the square root of the 
sum of the squares of its components: 

F = ^F 2 2 + F 3 2 = a /(2.8x10 2 N) 2 +(8.3x10 2 N) 2 =8.8x10 2 N. 

(c) The angle (/) between the force and the horizontal is given by 

tan (p = F 3 /F 2 = 830/280 = 2.94, 

so 0= 71°. The force points to the left and upward, 71° above the horizontal. We note that 
this force is not directed along the ladder. 



10. The angle of each half of the rope, measured from the dashed line, is 


0 = tan 1 


^ 0.30m ^ 
v 9.0m j 


= 1.9°. 


Analyzing forces at the "kink" (where F is exerted) we find 

F 550N 


T = 


2sin# 2sinl.9° 


= 8.3xl0 j N. 


1 1 . The x axis is along the meter stick, with the origin at the 
zero position on the scale. The forces acting on it are shown 
on the diagram below. The nickels are at x = X\ = 0.120 m, 
and m is their total mass. The knife edge is atx = xj = 0.455 m 
and exerts force F . The mass of the meter stick is M, and the 
force of gravity acts at the center of the stick, x = X3 = 0.500 m. 
Since the meter stick is in equilibrium, the sum of the torques 
about X2 must vanish: 


Mg(x 3 - x 2 ) - mg(x 2 - xi) = 0. 


Thus, 


M 


-m 


A 0.455m-0.120m A 
0.500m-0.455m 


mg 


(10.0g)=74.4 g. 


F 
A 


x~> 


t 

Mg 


12. (a) Analyzing vertical forces where string 1 and string 2 meet, we find 

r i= i = ^ = 49N. 
cos^ cos35° 

(b) Looking at the horizontal forces at that point leads to 

T 2 = T x sin35° = (49N)sin35° = 28 N. 

(c) We denote the components of T 3 as T x (rightward) and T y (upward). Analyzing 
horizontal forces where string 2 and string 3 meet, we find T x = T 2 = 28 N. From the 
vertical forces there, we conclude T y = w B =50 N. Therefore, 


T,=^Tl+T 2 y =57N. 


(d) The angle of string 3 (measured from vertical) is 


0 = tan 



= tan 


-i 


V 


C 


28^ 


50 ) 


= 29°. 


13. (a) Analyzing the horizontal forces (which add to zero) we find F h = F 3 = 5.0 N. 

(b) Equilibrium of vertical forces leads to F v = F\+ R 2 = 30 N. 

(c) Computing torques about point O, we obtain 

(10N)(3.0m) + (5.0N)(2.0m) 

Rd = Rb + Ra ^d = ± ^ '—± ^ '- = 1.3 m. 

2 3 30 N 


14. The forces exerted horizontally by the obstruction and vertically (upward) by the 
floor are applied at the bottom front corner C of the crate, as it verges on tipping. The 
center of the crate, which is where we locate the gravity force of magnitude mg = 500 N, 
is a horizontal distance £ = 0.375 mfrom C. The applied force of magnitude F = 350 N is 
a vertical distance h from C. Taking torques about C, we obtain 


A=jg £ = (500N)(0J75m) = 
F 350N 


15. Setting up equilibrium of torques leads to a simple "levei principie" ratio: 

F L = (40 N)- = (40 N)^^ = 8.7N. 
L 12 cm 


16. With pivot at the left end, Eq. 12-9 leads to 


-m s gf - Mgx+ T R L =0 

where m s is the scaffokTs mass (50 kg) and M is the total mass of the paint cans (75 kg). 
The variable x indicates the center of mass of the paint can collection (as measured from 
the left end), and T R is the tension in the right cable (722 N). Thus we obtainx = 0.702 m. 


17. The (vertical) forces at points A, B and P are F A , F B and F P , respectively. We note 
that Fp = Wand is upward. Equilibrium of forces and torques (about point E) lead to 

F A +F B +W = 0 
bW-aF A =0. 

(a) From the second equation, we find 

F A = bWla = (\5I5)W=3W= 3(900 N)=2.7xl0 3 N . 

(b) The direction is upward since F A > 0. 

(c) Using this result in the first equation above, we obtain 

F B -W - F A - -AW = -4(900 N) = -3.6xl0 3 N , 

or | F B |=3.6xl0 3 N. 

(d) F B points downward, as indicated by the minus sign. 


18. Our system consists of the lower arm holding a 
bowling bali. As shown in the free-body diagram, the 

forces on the lower arm consist of T from the bíceps 

muscle, F from the bone of the upper arm, and the 
gravitational forces, mg and Mg . Since the system is 
in static equilibrium, the net force acting on the system 
is zero: 

0 = ^F neUy =T-F-(m + M)g 
In addition, the net torque about O must also vanish: 
0 = I T net = (d)(T) + (0)F - (D)(mg) -L(Mg) . 



x 


(a) From the torque equation, we find the force on the lower arms by the biceps muscle to 
be 


T = 


(mD + ML)g _ [(1.8kg)(0.15 m) + (7.2 kg)(0.33 m)](9.8m/s 2 ) 
d 0.040 m 


648N = 6.5xl0 2 N. 


(b) Substituting the above result into the force equation, we find F to be 

F = T- (M + m)g = 648 N - (7.2 kg + 1 .8 kg)(9.8 m/s 2 ) = 560 N = 5 .6 x 1 0 2 N. 


19. (a) With the pivot at the hinge, Eq. 12-9 gives TLcosd - mg^ = 0 . This leads to 
6 - 78°. Then the geometric relation tan# = L/D gives D = 0.64 m. 

(b) A higher (steeper) slope for the cable results in a smaller tension. Thus, making D 
greater than the value of part (a) should prevent rupture. 


20. With pivot at the left end of the lower scaffold, Eq. 12-9 leads to 


-«2gy - mgd+ T R L 2 =0 

where m 2 is the lower scaffold's mass (30 kg) and L 2 is the lower scaffokTs length (2.00 
m). The mass of the package (m = 20 kg) is a distance d = 0.50 m from the pivot, and T R 
is the tension in the rope connecting the right end of the lower scaffold to the larger 
scaffold above it. This equation yields T R = 196 N. Then Eq. 12-8 determines T L (the 
tension in the cable connecting the right end of the lower scaffold to the larger scaffold 
above it): T L = 294 N. Next, we analyze the larger scaffold (of length L x = L 2 + 2d and 
mass nti, given in the problem statement) placing our pivot at its left end and using Eq. 
12-9: 

-m lg ^ -T L d-T R {L,-d) + TL i =0. 

This yields 7=457N. 


21. We consider the wheel as it leaves the lower floor. The floor no longer exerts a force 
on the wheel, and the only forces acting are the force F applied horizontally at the axle, 
the force of gravity mg acting vertically at the center of the wheel, and the force of the 
step corner, shown as the two components fi, and f v . If the minimum force is applied the 
wheel does not accelerate, so both the total force and the total torque acting on it are zero. 



We calculate the torque around the step corner. The second diagram indicates that the 
distance from the line of F to the corner is r - h, where r is the radius of the wheel and h 
is the height of the step. 


The distance from the line of mg to the corner is J r 2 + (r — h) 2 = yjlrh — h 2 . Thus, 

F(r — h) — mgy/lrh — h 2 = 0 . 


The solution for F is 


4lrh-h 2 _ V2(6.00xl0- 2 m)(3.00xl0- 2 m)-(3.00xl(T 2 m) 2 


F = mg = — 7 M0.800 kg)(9.80 m/s 2 ) 

r — l 

= 13.6 N 


r-h " (6.00xlO" 2 m)-(3.00xlO" 2 m) 


22. As shown in the free-body diagram, the forces on the climber 
consist of T from the rope, normal force F N on her feet, upward static 

frictional force f s and downward gravitational force mg . Since the 

climber is in static equilibrium, the net force acting on her is zero. 
Applying Newton' s second law to the vertical and horizontal 
directions, we have 

0 = ^F netx =F N -Tsm^ 

0 = Z F net,> =Tcos0 + f s -mg. f s 

O 

In addition, the net torque about O (contact point between her feet P m 

and the wall) must also vanish: 

0 = 2 r net = mgL sin 0-TL sin(l 80° - 0 - (/)) 

o 

From the torque equation, we obtain T = mgsin#/sin(18O°-<9-0). Substituting the 
expression into the force equations, and noting that f s = jU s F N , we find the coefficient of 
static friction to be 

_ f s _ mg -T cos0 _ mg-mgsm0cos0/sm(\8O°-0-0) 

F N Tsiriíp mg sin # sin 0/ 'sin(180° -0-(fi) 

_ 1 - sin 0 cos <pl sin(l 80° - 0 - (/)) 
sin 0 sin <p I sin(l 80° - 0 - (j)) 

With 0 = 40° and <p = 30° , the result is 

l-sin#cos(Z>/sin(180°-#-cz>) l-sin40°cos30 o /sin(180 o -40 o -30°) , in 

// c = 1 — = 1 = 1.19. 

sinflsin^/sinClSO 0 -^-^) sin 40° sin 30° /sin(l 80° -40° -30°) 



23. (a) Ali forces are vertical and ali distances are measured along an axis inclined at 0 = 
30°. Thus, any trigonometric factor cancels out and the application of torques about the 
contact point (referred to in the problem) leads to 


15kg 9.8m/s 2 35cm - 2.0kg 9.8m/s 2 15cm 

F tíocen = ' ^ '- — ^ '- ' = 1.9X10 3 N. 

tapcep 2.5 cm 


(b) The direction is upward since F tricep > 0 

(c) Equilibrium of forces (with upwards positive) leads to 

^„p C ep+^u mer +(15kg)(9.8m/s 2 )-(2.0kg)(9.8m/s 2 ) = 0 

and thus toF humer = -2.1xl0 3 N , or | F humer |= 2.1xl0 3 N . 

(d) The minus sign implies thatF humer points downward. 


24. As shown in the free-body diagram, the forces on the climber 
consist of the normal forces F m on his hands from the ground and 

F N2 on his feet from the wall, static frictional force f s and 
downward gravitational force mg . Since the climber is in static 
equilibrium, the net force acting on him is zero. Applying Newton's 
second law to the vertical and horizontal directions, we have 


0 = 1X^=^2 


-mg. 


In addition, the net torque about O (contact point between his feet 
and the wall) must also vanish: 

0 = ^ r net = mgd cos 6 - F N2 L sin 0 . 



a 


The torque equation gives F N2 = mgd cosd / Lsind = mgd cot 01 L . On the other hand, 
from the force equation we have F N2 = f s and F m = mg . These expressions can be 
combined to yield 

.d 


f s =F N2 =F m cotO 


L 


On the other hand, the frictional force can also be written as f s = JU S F N1 , where fl s is the 
coefficient of static friction between his feet and the ground. From the above equation 
and the values given in the problem statement, we fínd ià s to be 


. d a 
a s =cot<9— = ; 

L 


0.914 m 


0.940 m 


L ^(2.10 m) 2 -(0.914 m) 2 2.10 m 


= 0.216 


25. The beam is in equilibrium: the sum of the forces and the sum of the torques acting 
on it each vanish. As shown in the figure, the beam makes an angle of 60° with the 
vertical and the wire makes an angle of 30° with the vertical. 

(a) We calculate the torques around the hinge. Their sum is 

TL sin 30° - W(L/2) sin 60° = 0. 

Here W is the force of gravity acting at the center of the beam, and T is the tension force 
of the wire. We solve for the tension: 

T _ rsin60° _ (222N)sin60° _ 192M 
2sin30° 2 sin 30° 

(b) Let Fh be the horizontal component of the force exerted by the hinge and take it to be 
positive if the force is outward from the wall. Then, the vanishing of the horizontal 
component of the net force on the beam yields Fh - T sin 30° = 0 or 

F h = rsin30° = (l92.3N)sin30° = 96.1N. 

(c) Let F v be the vertical component of the force exerted by the hinge and take it to be 
positive if it is upward. Then, the vanishing of the vertical component of the net force on 
the beam yields F v + T cos 30° - W= 0 or 


F v = W-Tcos30° = 222N-(192.3N)cos30° = 55.5N. 


26. (a) The problem asks for the person's pull (his force exerted on the rock) but since we 
are examining forces and torques on the person, we solve for the reaction force 
F m (exerted leftward on the hands by the rock). At that point, there is also an upward 
force of static friction on his hands f\ which we will take to be at its maximum value 
jU í F m . We note that equilibrium of horizontal forces requires F m = F N2 (the force exerted 

leftward on his feet); on this feet there is also an upward static friction force of magnitude 
[liFia- Equilibrium of vertical forces gives 

f x +f 2 -mg = 0 => F m = = 3.4xl0 2 N. 

(b) Computing torques about the point where his feet come in contact with the rock, we 
find 

mg(d + W )-f lW -F m h = 0 => h= mg{d + w) -^ W = 0Mm. 

F Nl 

(c) Both intuitively and mathematically (since both coefficients are in the denominator) 
we see from part (a) that F m would increase in such a case. 

(d) As for part (b), it helps to plug part (a) into part (b) and simplify: 

h = (d + w)/u 2 + djl x 


from which it becomes apparent that h should decrease if the coefficients decrease. 


27. (a) We note that the angle between the cable and the strut is 

a=0- (j)=A5 0 -30°= 15°. 

The angle between the strut and any vertical force (like the weights in the problem) is fi = 
90° - 45° = 45°. Denoting M = 225 kg and m = 45.0 kg, and l as the length of the boom, 
we compute torques about the hinge and find 

^ _ Mglán f3 + mg({)ún f3 _ Mg sin (5 + mg sin (5 1 2 
l sin a sin a 

The unknown length í cancels out and we obtainr=6.63 x 10 J N. 

(b) Since the cable is at 30° from horizontal, then horizontal equilibrium of forces 
requires that the horizontal hinge force be 

F x = rcos30° = 5.74xl0 3 N. 

(c) And vertical equilibrium of forces gives the vertical hinge force component: 

F y =Mg + mg + rsin30° =5.96xl0 3 N. 


28. (a) The sign is attached in two places: at x\ = 1.00 m (measured rightward from the 
hinge) and at x 2 = 3.00 m. We assume the downward force due to the sign's weight is 
equal at these two attachment points: each being half the sign's weight of mg. The angle 
where the cable comes into contact (also at x 2 ) is 

0= tan \djd h ) =tan _1 (4.00 m/3.00 m) 

and the force exerted there is the tension T. Computing torques about the hinge, we find 

mgx x + \mgx 2 _ }(50.0 kg) (9.8 m/s 2 ) (1.00 m) + 1(50.0 kg)(9.8m/s 2 )(3.00 m) 


T = 


x 2 sin0 (3.00 m)(0.800) 

= 408 N. 

(b) Equilibrium of horizontal forces requires the horizontal hinge force be 

F x = 7 cos ^=245 N. 

(c) The direction of the horizontal force is rightward. 

(d) Equilibrium of vertical forces requires the vertical hinge force be 

F y = mg- Tsin 0= 163 N. 

(e) The direction of the vertical force is upward. 


29. The bar is in equilibrium, so the forces and the torques acting on it each sum to zero. 
Let Ti be the tension force of the left-hand cord, T r be the tension force of the right-hand 
cord, and m be the mass of the bar. The equations for equilibrium are: 

vertical force components T, cos 0 + T r cos (p - mg = 0 
horizontal force components -T l sin 0 + T r sin </) = 0 

torques mgx -T r Lcos0 = O. 


The origin was chosen to be at the left end of the bar for purposes of calculating the 
torque. The unknown quantities are 7}, T r , and x. We want to eliminate 7/ and T r , then 
solve for x. The second equation yields 7/ = T r sin (f> /sin 0 and when this is substituted 
into the first and solved for T r the result is 


71 = 


mg sin 0 
sin (p cos 0 + cos (f> sin 0 


This expression is substituted into the third equation and the result is solved for x: 

sin#cos<Z> T sin#cos0 

x = L 1 = L — z -. 

sin^cos#+ cos^sin# sin(#+0) 


The last form was obtained using the trigonometric identity sin(/á + B) = sin A cos B + 
cos A sin B. For the special case of this problem 0+ (f> = 90° and sin(#+ 0) = 1. Thus, 


x = Zsin6>cos^ = (6.10 m) sin36.9°cos53.1° = 2.20 m. 


30. (a) Computing torques about point A, we find 


T max Lsm0=Wx msa + W b 


v2, 


We solve for the maximum distance: 


"^max 


T m ^ SW.6-WJ2 

max b 

W 


L 


(500 N)sin30.0°-(200 N)/2 > | 


300 N 


(3.00 m) = 1.50m. 


(b) Equilibrium of horizontal forces gives F = T max cos0 = 433N 


(c) And equilibrium of vertical forces gives F = W + W h - T max sin0 = 250 N 


31. The problem states that each hinge supports half the door's weight, so each vertical 


hinge force component is F y = mg/2 = 1.3 x IO 2 N. Computing torques about the top 
hinge, we find the horizontal hinge force component (at the bottom hinge) is 

(27 kg) (9.8 m/s 2 ) (0.91 m/2) 

R=- — - ^ = 80N. 

2. lm- 2(0.30 m) 

Equilibrium of horizontal forces demands that the horizontal component of the top hinge 
force has the same magnitude (though opposite direction). 

(a) In unit-vector notation, the force on the door at the top hinge is 

F top =(-80N)i + (1.3xl0 2 N)j. 


(b) Similarly, the force on the door at the bottom hinge is 

F bottom = (+80N)i + (1.3xl0 2 N)j 


32. (a) Computing torques about the hinge, we find the tension in the wire: 

Wx 


TLsin0-Wx = O=>T-- 


LsinO 


(b) The horizontal component of the tension is T cos 0, so equilibrium of horizontal 
forces requires that the horizontal component of the hinge force is 


f Wx A 


LúnO 


cos 0 


Wx 


) 


LtanO 


(c) The vertical component of the tension is T sin 6, so equilibrium of vertical forces 
requires that the vertical component of the hinge force is 


F y = W- 


( Wx ^ 


smO=W 


í x^ 
1-- 

V L 


33. We examine the box when it is about to tip. Since it will rotate about the lower right 
edge, that is where the normal force of the fioor is exerted. This force is labeled F N on 

the diagram below. The force of friction is denoted hy f, the applied force by F, and the 
force of gravity by W. Note that the force of gravity is applied at the center of the box. 
When the minimum force is applied the box does not accelerate, so the sum of the 
horizontal force components vanishes: F -f= 0, the sum of the vertical force components 
vanishes: F N -W = 0 , and the sum of the torques vanishes: 

FL - WL/2 = 0. 

Here L is the length of a side of the box and the origin was chosen to be at the lower right 
edge. 

F 



(a) From the torque equation, we find 

„ W 890N AA _^_ 

F = — = = 445 N. 

2 2 

(b) The coefficient of static friction must be large enough that the box does not slip. The 
box is on the verge of slipping if \i s =flF N . According to the equations of equilibrium 


so 


F N = W= 890 N and/= F = 445 N, 
445 N 


890 N 


0.50. 


(c) The box can be rolled with a smaller applied force if the force points upward as well 
as to the right. Let 0 be the angle the force makes with the horizontal. The torque 
equation then becomes 

FL cos 6+ FL sin 0- WL/2 = 0, 


with the solution 


F ■ 


W 


2(cos# + sin6>) 


We want cos#+ sin#to have the largest possible value. This occurs if 0= 45°, a result we 
can prove by setting the derivative of cos#+ sin#equal to zero and solving for 6. The 
minimum force needed is 

W 890 N 

F = = oyv1 ^ =315N. 

4cos45° 4cos45° 



34. As shown in the free-body diagram, the forces on the climber 
consist of the normal force from the wall, the vertical component F v 

and the horizontal component F h of the force acting on her four 
fingertips, and the downward gravitational force mg . Since the 
climber is in static equilibrium, the net force acting on her is zero. 
Applying Newton' s second law to the vertical and horizontal 
directions, we have 


0=5x^=4^ 


F K , 


■mg. 


In addition, the net torque about O (contact point between her feet 
and the wall) must also vanish: 


0 = 1* 


(mg)a-(AF h )H 


4F« 


a 


mg 


F 


N 


4F h 


H 


O 


(a) From the torque equation, we find the horizontal component of the force on her 
fingertip to be 

p _ mga _ (70 kg)(9.8 m/s 2 )(0.20 m) _ ^ ^ 
h m 4(2.0 m) 

(b) From the j-component of the force equation, we obtain 


F= mg = (70kg)(9.8m/s 2 ) ^ 7xl()2 N 


35 . (a) With the pivot at the hinge, Eq. 12-9 yields 

TLcos0-F a y = O. 

This leads to T = (F ' a i 'cos 9)(y/L) so that we can interpret F a /cos0 as the slope on the 
tension graph (which we estimate to be 600 in SI units). Regarding the Fh graph, we use 
Eq. 12-7 to get 

Fh = Tcos0 - F a = (-F a )(y/L) - F a 

after substituting our previous expression. The result implies that the slope on the Fh 
graph (which we estimate to be -300) is equal to —F a , or F a = 300 N and (plugging back 
in) 6>=60.0°. 

(b) As mentioned in the previous part, F a = 300 N. 


36. (a) With F = ma = -jU k mg the magnitude of the deceleration is 

\a\ =jUkg = (0.40)(9.8 m/s 2 ) = 3.92 m/s 2 . 

(b) As hinted in the problem statement, we can use Eq. 12-9, evaluating the torques about 
the car's center of mass, and bearing in mind that the friction forces are acting 
horizontally at the bottom of the wheels; the total friction force there isfk = jUkgm = 3.92m 
(with SI units understood - and m is the car's mass), a vertical distance of 0.75 meter 
below the center of mass. Thus, torque equilibrium leads to 

(3.92m)(0.75) + F Afr (2.4) - F Nf (l.S) = 0. 

Eq. 12-8 also holds (the acceleration is horizontal, not vertical), so we have F Nr + F N / = 
mg, which we can solve simultaneously with the above torque equation. The mass is 
obtained from the car's weight: m = 11000/9.8, and we obtain F Nr = 3929 « 4000 N. 
Since each involves two wheels then we have (roughly) 2.0 x IO 3 N on each rear wheel. 

(c) From the above equation, we also have F N /= 7071 = 7000 N, or 3.5 x IO 3 N on each 
front wheel, as the values of the individual normal forces. 

(d) Eq. 6-2 directly yields (approximately) 7.9xl0 2 N of friction on each rear wheel, 

(e) Similarly, Eq. 6-2 yields 1.4xl0 3 N on each front wheel. 


37. The free-body diagram on the right shows the forces acting on 
the plank. Since the roller is frictionless the force it exerts is 
normal to the plank and makes the angle 0 with the vertical. Its 
magnitude is designated F. W is the force of gravity; this force 
acts at the center of the plank, a distance L/2 from the point where 
the plank touches the floor. F N is the normal force of the floor 

and / is the force of friction. The distance from the foot of the 
plank to the wall is denoted by d. This quantity is not given 
directly but it can be computed using d = Man#. 


The equations of equilibrium are: 

horizontal force components 
vertical force components 
torques 



d 


F N d 


Fsin0-f = O 
F cos0 
-jh-W{d-±cos 


W + F N =0 


6>) = 0. 


The point of contact between the plank and the roller was used as the origin for writing 
the torque equation. 

When 0 = 70° the plank just begins to slip and /= /JsF N , where \l s is the coefficient of 
static friction. We want to use the equations of equilibrium to compute Fm and /for 0 = 
70°, then use fl s =flF N to compute the coefficient of friction. 

The second equation gives F = (W - F N )/cos 0 and this is substituted into the first to 
obtain 

/= (W-F N ) sin 6>/cos 0=(W-F N ) tan 0 
This is substituted into the third equation and the result is solved for F N : 


_ d-(L/2)cos0 + htan0 _ h(\ + tan 2 0) - (L 1 2) sin 0 


d + htan0 


/z(l + tan' 0) 


where we have use d = Mané? and multiplied both numerator and denominator by tan 0. 

2 2 

We use the trigonometric identity 1+ tan 0= l/cos 0 and multiply both numerator and 

2 

denominator by cos 0 to obtain 


F N =W 


f L 2 ^ 

1 cos 0ún0 

2h J 


Now we use this expression for F N in /= (W- F N ) tan #to find the friction: 


= sin 0cos0. 

2h 


We substitute these expressions for / and F N into ju s =flF N and obtain 

Zsin 2 #cos# 
2h- LsinO 'cos 2 0 

Evaluating this expression for 0= 70°, we obtain 

(6.1m)sin 2 70°cos70° 

li = = 0 34 

s 2(3.05m)-(6.1m)sin70°cos 2 70° 


38. The phrase "loosely bolted" means that there is no torque exerted by the bolt at that 
point (where A connects with B). The force exerted on A at the hinge has x and y 
components F x and F y . The force exerted on A at the bolt has components G x and G y and 
those exerted on B are simply -G x and - G y by Newton's third law. The force exerted on 
B at its hinge has components H x and H y . If a horizontal force is positive, it points 
rightward, and if a vertical force is positive it points upward. 

(a) We consider the combined AuB system, which has a total weight of Mg where M = 
122 kg and the line of action of that downward force of gravity is x = 1.20 m from the 
wall. The vertical distance between the hinges is y = 1.80 m. We compute torques about 
the bottom hinge and find 

F x =-^ = -797N. 

y 

If we examine the forces on A alone and compute torques about the bolt, we instead find 

F W = 265N 

y í 

where wia = 54.0 kg and l = 2.40 m (the length of beam^). Thus, in unit- vector notation, 
we have 

F = F x l + F y ) = (-191 N)í + (265 N)j . 

(b) Equilibrium of horizontal and vertical forces on beam A readily yields G x = — F x = 
191 N and G y = rriAg ~F y = 265 N. In unit-vector notation, we have 

G = G x l + G y ) = ( + 191 N)í + (265 N)j 

(c) Considering again the combined AuB system, equilibrium of horizontal and vertical 
forces readily yields H x = -F x = 191 N and H y = Mg - F y = 93 1 N. In unit-vector notation, 
we have 

H = Hj + H y ) = ( + 191 N)í + (93 1 N)j 

(d) As mentioned above, Newton' s third law (and the results from part (b)) immediately 
provide - G x = - 191 N and - G y = - 265 N for the force components acting on B at the 
bolt. In unit-vector notation, we have 

-G = -G x l - GJ = (-191 N)i - (265 N)j 


39. The force diagram shown below depicts the situation just 
before the crate tips, when the normal force acts at the front 
edge. However, it may also be used to calculate the angle for 
which the crate begins to slide. Wis the force of gravity on the 
crate, F N is the normal force of the plane on the crate, and/ is 

the force of friction. We take the x axis to be down the plane 
and the y axis to be in the direction of the normal force. We 
assume the acceleration is zero but the crate is on the verge of 
sliding. 

(a) Thex and y components of Newton's second law are 

Wsm6-f = 0 and F N -Wco$0 = Q 

respectively. The y equation gives F N = W cos 0. Since the crate is about to slide 

f= jU s F N = jU s W cos 0, 
where fl s is the coefficient of static friction. We substitute into the x equation and find 

Wsm0- iu s W cos 0 = 0 => tan 0 = ju s 

This leads to 0= tan" 1 ju s = tan" 1 0.60 = 31.0°. 

In developing an expression for the total torque about the center of mass when the crate is 
about to tip, we find that the normal force and the force of friction act at the front edge. 
The torque associated with the force of friction tends to turn the crate clockwise and has 
magnitude fh, where h is the perpendicular distance from the bottom of the crate to the 
center of gravity. The torque associated with the normal force tends to turn the crate 
counterclockwise and has magnitude F N l 1 2 , where í is the length of an edge. Since the 

total torque vanishes, fh = F N £ 1 2 . When the crate is about to tip, the acceleration of the 

center of gravity vanishes, so / = W sin 0 and F N = W cos 0. Substituting these 
expressions into the torque equation, we obtain 

0 = tan 1 — = tan 1 L2m = 33.7°. 
2h 2(0.90 m) 

As 0is increased from zero the crate slides before it tips. 

(b) It starts to slide when 0= 31°. 

(c) The crate begins to slide when 0= tan" 1 ju s = tan" 1 0.70 = 35.0° and begins to tip when 
0= 33.7°. Thus, it tips first as the angle is increased. 



(d) Tipping begins at 0= 33.7° - 34°. 


40. Let x be the horizontal distance between the firefighter and 
the origin O (see figure) that makes the ladder on the verge of 
sliding. The forces on the firefighter + ladder system consist of 
the horizontal force F w from the wall, the vertical component 

F and the horizontal component F of the force F p on the 

ladder from the pavement, and the downward gravitational 
forces Mg and mg , where M and m are the masses of the 

firefighter and the ladder, respectively. Since the system is in 
static equilibrium, the net force acting on the system is zero. 
Applying Newton's second law to the vertical and horizontal 
directions, we have 


0: 
0: 


Tf 
Tf 


F -F 

w px 

■F m -(M + m)g. 


h 



a/3 


Since the ladder is on the verge of sliding, F = fJL s F . Therefore, we have 


F w = F px =iuF=jU s (M + m)g 


In addition, the net torque about O (contact point between the ladder and the wall) must 
also vanish: 

0 = S r net = -KFJ + x(Mg) + \ {mg) = 0 . 


Solving for x, we obtain 

_ hF w -(a/ 3)mg _ hju s (M + m)g -(a/ 3)mg _hju s (M + m)-(a 1 3)m 
Mg Mg M 

Substituting the values given in the problem statement (with a = yjl} -h 2 = 7.58 m), the 
fraction of ladder climbed is 


x _ hju s (M + m)-(al 3)m _ (9.3 m)(0.53)(72 kg + 45 kg) - (7.58 m / 3)(45 kg) 
a~ Ma ' (72kg)(7.58m) 

= 0.848-85%. 


41. The diagrams below show the forces on the two sides of the ladder, separated. F A and 
Fe are the forces of the floor on the two feet, T is the tension force of the tie rod, W is the 
force of the man (equal to his weight), Fh is the horizontal component of the force exerted 
by one side of the ladder on the other, and F v is the vertical component of that force. Note 
that the forces exerted by the floor are normal to the floor since the floor is frictionless. 
Also note that the force of the left side on the right and the force of the right side on the 
left are equal in magnitude and opposite in direction. 



Since the ladder is in equilibrium, the vertical components of the forces on the left side of 
the ladder must sum to zero: F v + F A - W = 0. The horizontal components must sum to 
zero: T - Fh = 0. The torques must also sum to zero. We take the origin to be at the hinge 
and let L be the length of a ladder side. Then 

F A L cos 0- W{LIA) cos 0- T(L/2) sin 0= 0. 

Here we recognize that the man is one-fourth the length of the ladder side from the top 
and the tie rod is at the midpoint of the side. 

The analogous equations for the right side are F E - F v = 0, Fh - T = 0, and F E L cos 0- 
T(L/2) sin 0=0. 

There are 5 different equations: 

F v +F A -W = 0, 
T-F h =0 

F A Lcos0-W(L/4)cos0-T(L/2)sm0 = O 

F E L cos 0-T(L/2)sm 0 = 0. 
The unknown quantities are F A , F E , F v , Fh, and T. 


(a) First we solve for T by systematically eliminating the other unknowns. The first 
equation gives F Ã = W - F v and the fourth gives F v = F E . We use these to substitute into 
the remaining three equations to obtain 

T-F h =0 

WLcos0-F E Lcos0-W(L/4)cos0-T(L/2)sm0 = O 

F E L cos 0 - T(L 1 2) sin 0 = 0. 

The last of these gives F E = 7sin# /2cos# = (772) tan# We substitute this expression into 
the second equation and solve for T. The result is 


4tan<9' 

To find tan#, we consider the right triangle formed by the upper half of one side of the 
ladder, half the tie rod, and the vertical line from the hinge to the tie rod. The lower side 
of the triangle has a length of 0.381 m, the hypotenuse has a length of 1.22 m, and the 

vertical side has a length of ^(1.22 m) 2 -(0.381m) 2 = 1.1 6 m . This means 

tan 0= (1.16m)/(0.381m) = 3.04. 

Thus, 

r= 3(854N) =211N 
4(3.04) 

(b) We now solve for F A . Since F v = F E and F E = T sin0/2cos0, F v = 3 078. We substitute 
this into F v + Fa—W=0 and solve for F A . We find 

F A =W-F V =W-3W/S = 5W/S = 5(SS4 N)/8=534 N. 


(c) We have already obtained an expression for F E : F E =3 W/8. Evaluating it, we get F E = 
320 N. 


42. (a) Eq. 12-9 leads to 

ZLsinG - m p gx - mbgi^j = 0 . 

This can be written in the form of a straight line (in the graph) with 

r= ("slope") f + >intercept", 

where "slope" = m p g/ sinO and "j-intercept" = mbg/2smd. The graph suggests that the 
slope (in SI units) is 200 and the j-intercept is 500. These facts, combined with the given 
m p + ntb = 61.2 kg datum, lead to the conclusion: 

sin#= 61.22g/1200 => 0= 30.0°. 

(b) It also folio ws that m p = 5 1 .0 kg. 

(c) Similarly, mb = 10.2 kg. 


43. (a) The shear stress is given by FIA, where F is the magnitude of the force applied 
parallel to one face of the aluminum rod and A is the cross-sectional area of the rod. In 
this case F is the weight of the object hung on the end: F = mg, where m is the mass of 
the object. If r is the radius of the rod then A = nr . Thus, the shear stress is 

A nr 2 ^(0.024 m) 2 
(b) The shear modulus G is given by 

G= FIA 


AxIL 

where L is the protrusion of the rod and Ax is its vertical defiection at its end. Thus, 

A (FIA)L (6.5xl0 6 N/m 2 )(0.053m) , , 1a5 

Ax = - — = - in r - = 1.1x10 m. 

G 3.0xl0 10 N/m 2 


44. (a) The Young's modulus is given by 

„ stress , . 150xl0 6 N/m 2 „ , , rtl(KT , 2 

£ = = slope oí the stress-strain curve = = 7.5x10 N/m . 

strain 0.002 

8 2 

(b) Since the linear range of the curve extends to about 2.9 x 10 N/m , this is 
approximately the yield strength for the material. 


45. (a) Let F A and F B be the forces exerted by the wires on the log and let m be the mass 
of the log. Since the log is in equilibrium Fa + F B - mg = 0. Information given about the 
stretching of the wires allows us to find a relationship between F A and F B . If wire A 
originally had a length L A and stretches by AL A , then AL A = F A L A I AE , where A is the 

9 2 

cross-sectional area of the wire and E is Young's modulus for steel (200 x 10 N/m ). 
Similarly, AL B = F B L B I AE Aí £ is the amount by which B was originally longer than A 

then, since they have the same length after the log is attached, AL A - AL B + £ . This means 

£j^a _ FbL b | ^ 
AE AE 

We solve for F B : 

F À Lj AE£ 


Fn 


A^A 

L B L B 


We substitute into F A + F B - mg = 0 and obtain 

mgL B + AE£ 


L A + L B 


The cross-sectional area of a wire is 

A = nr 2 = x(\20 x 1 0" 3 m) 2 = 4.52 x 1 0~ 6 m 2 . 

Both L A and L B may be taken to be 2.50 m without loss of significance. Thus 

_ (103kg)(9.8m/s 2 )(2.50m)+(4.52xl0' 6 m 2 )(200xl0 9 N/m 2 )(2.0xl0' 3 m) 
A ~ 2.50m+2.50m 
= 866N. 

(b) From the condition F A + F B - mg = 0, we obtain 

F B =mg-F A =(103kg)(9.8m/s 2 )-866N=143N. 

(c) The net torque must also vanish. We place the origin on the surface of the log at a 
point directly above the center of mass. The force of gravity does not exert a torque about 
this point. Then, the torque equation becomes F A d A - F B d B = 0, which leads to 

i = ÍL= 143N =0165 
á B F i 866 N 


46. Since the force is (stress x area) and the displacement is (strain x length), we can 
write the work integral (eq. 7-32) as 

W=^Fdx = J(stress)^ (differential strain)Z = AL J(stress) (differential strain) 

which means the work is (wire-area) x (wire-length) x (graph-area-under-curve). Since 
the area of a triangle (see the graph in the problem statement) is ^ (base)(height) then we 
determine the work done to be 


W= (2.00 x IO" 6 m 2 )(0.800 m)(£)(1.0 x 10" 3 )(7.0 x 10 7 N/m 2 ) = 0.0560 J . 


47. (a) Since the brick is now horizontal and the cylinders were initially the same length 
l , then both have been compressed an equal amount . Thus, 


Al FA J M F R 
and 


£ A A E A l A B E B 


which leads to 

F A _ A Á E A _ (2A B )(2E B ) = 


Fb A b E b A b E b 
When we combine this ratio with the equation F A + F B = W, we find FJW = 4/5 = 0.80 

(b) This also leads to the result F B IW = 1/5 = 0.20. 

(c) Computing torques about the center of mass, we find F a cIa = F b cIb which leads to 

^ = ^ = 1 = 0.25. 

d B F A 4 


48. Since the force is (stress x area) and the displacement is (strain x length), we can 
write the work integral (eq. 7-32) as 

W=^Fdx = j(stress)^ (differential strain)Z = AL J(stress) (differential strain) 

which means the work is (thread cross-sectional area) x (thread length) x (graph-area- 
under-curve). The area under the curve is 

graph area = ^ as, + 1 (a + b)(s 2 - s, ) + ^ (b + c)(s 3 - s 2 ) = | [as 2 + b(s 3 - s l ) + c(s, - s 2 )] 

= ^[(0.12xl0 9 N/m 2 )(1 .4) + (0.30x1 0 9 N/m 2 )(1.0) + (0.80xl0 9 N/m 2 )(0.60)] 
= 4.74xl0 8 N/m 2 . 

(a) The kinetic energy that would put the thread on the verge of breaking is simply equal 
to W: 

K = W = ^Z(graph area) = (8.0xl0 12 m 2 )(8.0xl0" 3 m)(4.74xl0 8 N/m 2 ) = 3.03xl0~ 5 J. 

(b) The kinetic energy of the fruit fly of mass 6.00 mg and speed 1.70 m/s is 

K =-m f v) = -(6.00x10 6 kg)(1.70 m/s) 2 = 8.67xl0~ 6 J. 
2 2 

(c) Since K f < W , the fruit fly will not be able to break the thread. 

(d) The kinetic energy of a bumble bee of mass 0.388 g and speed 0.420 m/s is 

K b = \ m b v l = ^(3.99xl0~ 4 kg)0.420 m/s) 2 = 3.42xl0~ 5 J. 

(e) On the other hand, since K b >W , the bumble bee will be able to break the thread. 


2 

49. The flat roof (as seen from the air) has area .4 = 150 m x 5.8 m = 870 m . The volume 
of material directly above the tunnel (which is at depth d = 60 m) is therefore 

V = A x d = (870 m 2 ) x (60m) = 52200 m 3 . 

3 3 

Since the density is p = 2.8 g/cm = 2800 kg/m , we find the mass of material supported 
by the steel columns to be m = pV= 1.46 x 10 8 m 3 . 

(a) The weight of the material supported by the columns is mg = 1.4 x IO 9 N. 

(b) The number of columns needed is 


50. On the verge of breaking, the length of the thread is 


L = L 0 + ÁL = L 0 (l + AL/L 0 )=L 0 (l + 2) = 3L, 


0 ' 


where L Q = 0.020 m is the original length, and 

strain = AL I L Q = 2 , as given in the problem. The free- 

body diagram of the system is shown on the right. The 
condition for equilibrium is 

mg = 2T sin 0 




e 


. f 

Ay Z/ 



r f 



mg 


where m is the mass of the insect and T = y4(stress) . Since the volume of the thread 
remains constant is it is being stretched, we have V = A 0 L 0 = AL , or 
A = A 0 (L 0 1 L) = A 0 /3 . The vertical distance Ay is 


9Ll Ú 


4 4 


^ = 42L n 


Ay = j(L/2f-(L0/2f = 
Thus, the mass of the insect is 

2rsin<9 2(4 ) /3)(stress)sin6> 2A 0 (stress) Ay 4 42 A 0 (stress) 


777 : 


g g 3g 3L Q /2 

4V2(8.00xlO" 12 m 2 )(8.20xl0 8 N/m 2 ) 


9g 


9(9.8 m/s 2 ) 


:4.21xl0" 4 kg 


or 0.421 g. 


51. Let the forces that compress stoppers A and B be F A and F B , respectively. Then 
equilibrium of torques about the axle requires FR = r A F A + r B F B . If the stoppers are 
compressed by amounts \Ay A \ and \Ay B \ respectively, when the rod rotates a (presumably 
small) angle 0 (in radians), then | Ay A \=r A 0 and | Ay B | = r B 0. 

Furthermore, if their "spring constants" k are identical, then k = \F/Ay\ leads to the 
condition F A lr A = F B lr B which provides us with enough information to solve. 

(a) Simultaneous solution of the two conditions leads to 


A r 2 A +r 2 B (7.0 cm) 2 +(4.0 cm) 2 


Rr A F _ (5.0 cm)(7.0 cm) 


(220 N) = 118N-1.2xl0 2 N. 


(b) It also yields 



(5.0 cm)(4.0 cm) 


T (220 N) = 68 N. 


(7.0 cm) 2 +(4.0 cm) 


52. (a) With pivot at the hinge (at the left end), Eq. 12-9 gives 

-mgx-Mg^ +Fhh = 0 

where m is the man's mass and M is that of the ramp; Fh is the leftward push of the right 
wall onto the right edge of the ramp. This equation can be written to be of the form (for a 
straight line in a graph) 

F h = ("slope")* + ("y-intercept"), 

where the "slope" is mg/h and the "y-intercept" is MgDIlh. Since h = 0.480 m and D = 
4.00 m, and the graph seems to intercept the vertical axis at 20 kN, then we find M = 500 
kg. 

(b) Since the "slope" (estimated from the graph) is (5000 N)/(4 m), then the man's mass 
must be m = 62.5 kg. 


53. With the x axis parallel to the incline (positive uphill), then 

£F X = 0 => 7 cos 25° -mgsin45° = 0. 

Therefore, T= 76 N. 


54. The beam has a mass M= 40.0 kg and a length L = 0.800 m. The mass of the package 
of tamale is m = 10.0 kg. 

(a) Since the system is in static equilibrium, the normal force on the beam from roller ^4 is 
equal to half of the weight of the beam: 

F A = Mg/2 = (40.0 kg)(9.80 m/s 2 )/2 = 196 N. 

(b) The normal force on the beam from roller B is equal to half of the weight of the beam 
plus the weight of the tamale: 

F B =Mg/2 + mg = (40.0 kg)(9.80 m/s 2 )/2 + (10.0 kg)(9.80 m/s 2 )= 294 N. 

(c) When the right-hand end of the beam is centered over roller B, the normal force on the 
beam from roller A is equal to the weight of the beam plus half of the weight of the 
tamale: 

F A = Mg + mg/2 = (40.0 kg)(9.8 m/s 2 ) + (10.0 kg)(9.80 m/s 2 )/2 = 441 N. 

(d) Similarly, the normal force on the beam from roller B is equal to half of the weight of 
the tamale: 

F B = mg/2 = (10.0 kg)(9.80 m/s 2 )/2 = 49.0 N. 

(e) We choose the rotational axis to pass through roller B. When the beam is on the verge 
of losing contact with roller A, the net torque is zero. The balancing equation may be 
written as 

mgx = Mg(LI A-x) => x =— — — — . 

4M + m 

Substituting the values given, we obtainx = 0.160 m. 


55. (a) The forces acting on bucket are the force of gravity, down, and the tension force 
of cable A, up. Since the bucket is in equilibrium and its weight is 


^=m B g = (817kg)(9.80m/s 2 ) = 8.01xl0 3 N : 


the tension force of cable A is T A = 8.01 x IO N 


(b) We use the coordinates axes defined in the diagram. Cable A makes an angle of Bi = 
66.0° with the negative y axis, cable B makes an angle of 27.0° with the positive y axis, 
and cable C is along the x axis. The y components of the forces must sum to zero since 
the knot is in equilibrium. This means T B cos 27.0° - T A cos 66.0° = 0 and 


T = cos66.0° r = 
B cos 27.0° A 


f cos 66.0°^ 


(8.01xl0 3 N) = 3.65xl0 3 N. 


^cos27.0°. 

(c) The x components must also sum to zero. This means 

T c + T B sin 27.0° - T A sin 66.0° = 0 

Which yields 

T c =r 4 sin66.0 o -r B sin27.0° = (8.01xl0 3 N)sin66.0°-(3.65xl0 3 N)sin27.0 c 
= 5.66xl0 3 N. 


56. (a) Eq. 12-8 leads to T x sin40° + T 2 sin# = mg . Also, Eq. 12-7 leads to 

Tr cos40°-r 2 cos#=0. 

Combining these gives the expression 

T mg 

2 cos0tan4O° + sin0' 

To minimize this, we can plot it or set its derivative equal to zero. In either case, we find 
that it is at its minimum at #=50°. 

(b) At 6= 50°, we find T 2 = O.llmg. 


57. The cable that goes around the lowest pulley is cable 1 and has tension T\ = F. That 
pulley is supported by the cable 2 (so Ti = 2T\ = 2F) and goes around the middle pulley. 
The middle pulley is supported by cable 3 (so T 3 = 2 T 2 = 4F) and goes around the top 
pulley. The top pulley is supported by the upper cable with tension T, so T = 2T^ = SF. 
Three cables are supporting the block (which has mass m = 6.40 kg): 

I + T 2 +T 3 = mg^F = ^ = 8.96N. 


Therefore, 7=8(8.96 N) = 71.7N. 


58. Since ali surfaces are frictionless, the contact force F exerted by the lower sphere on 
the upper one is along that 45° line, and the forces exerted by walls and floors are 
"normal" (perpendicular to the wall and floor surfaces, respectively). Equilibrium of 
forces on the top sphere leads to the two conditions 

F wall =Fcos45° and Fsin45° = mg. 

And (using Newton' s third law) equilibrium of forces on the bottom sphere leads to the 
two conditions 

F' wall =Fcos45° and F' floor =Fsin45° + mg. 

(a) Solving the above equations, we find F'fl oor = 2mg. 

(b) We obtain for the left side of the container, F' wa ii = mg. 

(c) We obtain for the right side of the container, F wa n = mg. 

(d) We getF = mg I sin 45° = -Jlmg . 


59. (a) The center of mass of the top brick cannot be further (to the right) with respect to 
the brick below it (brick 2) than L/2; otherwise, its center of gravity is past any point of 
support and it will fali. So ci\ = L/2 in the maximum case. 

(b) With brick 1 (the top brick) in the maximum situation, then the combined center of 
mass of brick 1 and brick 2 is halfway between the middle of brick 2 and its right edge. 
That point (the combined com) must be supported, so in the maximum case, it is just 
above the right edge of brick 3. Thus, ai = L/4. 

(c) Now the total center of mass of bricks 1 , 2 and 3 is one-third of the way between the 
middle of brick 3 and its right edge, as shown by this calculation: 


where the origin is at the right edge of brick 3. This point is above the right edge of brick 
4 in the maximum case, so «3 = L/6. 

(d) A similar calculation 


x, 


com 


2m(0) + m(-L/2) _ L 
3m 6 


x. 


com 


3m(0) + m(-L/2) _ L 
Am 8 


shows that a 4 = L/8. 


(e) We find h = 


a =251/24. 


60. (a) If L (= 1500 cm) is the unstretched length of the rope and AZ = 2.8 cm is the 
amount it stretches then the strain is 

AL I L = (2.8 cm) / (l 500 cm) = 1.9 xlO 3 . 

(b) The stress is given by FIA where F is the stretching force applied to one end of the 
rope and A is the cross-sectional area of the rope. Here F is the force of gravity on the 
rock climber. If m is the mass of the rock climber then F = mg. If r is the radius of the 
rope then A = w 2 . Thus the stress is 

A nr 1 ^(4.8xl0" 3 m) 2 

(c) Young 's modulus is the stress divided by the strain: 


£ = (1.3 x IO 7 N/m 2 )/ (1.9 x 10" 3 ) = 6.9 x IO 9 N/m 2 . 


61. We denote the mass of the slab as m, its density as p , and volume as V-LTW . The 
angle of inclination is 0 - 26° . 

(a) The component of the weight of the slab along the incline is 

Fj = mg sin 0 = pVg sin 0 

= (3.2xl0 3 kg/m 3 )(43m)(2.5m)(12m)(9.8m/s 2 )sin26° « 1.8xl0 7 N. 

(b) The static force of friction is 

f s = M s F n = ^s m S cos 0 = jU s pVg cos 0 

= (0.39)(3.2xl0 3 kg/m 3 )(43m)(2.5m)(12m)(9.8m/s 2 )cos26° « 1.4xl0 7 N. 

(c) The minimum force needed from the bolts to stabilize the slab is 

F 2 =F l -f s =1.77xl0 7 N-1.42xl0 7 N = 3.5xl0 6 N. 

If the minimum number of bolts needed is n, then F 2 I nA < 3.6xl0 8 N/m 2 , or 

n > 3.5xl0 6 N _ 152 

" (3.6xl0 8 N/m 2 )(6.4xl0" 4 m 2 ) 

Thus 16 bolts are needed. 


62. The notation and coordinates are as shown in Fig. 12-6 in the textbook. Here, the 
ladder's center of mass is halfway up the ladder (unlike in the textbook figure). Also, we 
label the x and y forces at the ground/, and F N , respectively. Now, balancing forces, we 
have 

I,F x = 0 => f s = F w 
£ F y = 0 => F N = mg 

Since/v =/ ç ,max, we divide the equations to obtain 

f F 
~F~~ Ms ~™g ' 

Now, from Z x z = 0 (with axis at the ground) we have mg(a/2) - F w h = 0. But from the 

I — 1 2 

Pythagorean theorem, h = sjL - a , where L = length of ladder. Therefore, 

F w _ a/2 a 

mg ~ ~h~ ~ 2s\Ú - a 

In this way, we find 

a 2uL „ „ 

24h 1 -a 1 V 1 + 4 ^ 


63. Analyzing forces at the knot (particularly helpful is a graphical view of the vector 
right-triangle with horizontal "side" equal to the static friction force/, and vertical "side" 
equal to the weight trisg of block E), we fmàf s = niBg tan #where 6= 30°. For/ s to be at 
its maximum value, then it must equal jU s mAg where the weight of block A is m A g= (10 
kg)(9.8 m/s 2 ). Therefore, 

jU s m A g = m B g tan# ^> [l s = — tan 30° = 0.29. 


64. To support a load of W = mg = (670 kg)(9.8 m/s ) = 6566 N, the steel cable must 
stretch an amount proportional to its "free" length: 


AL - 


yAYj 


L where A = w 


and r= 0.0125 m. 


(a)IfZ= 12 m, then AL = 


6566 N 


^(0.0125 m) 2 (2.0xlO n N/m 2 ) 


(12m) = 8.0xl0^m 


(b) Similarly, when L = 350 m, we findAZ = 0.023 m. 


65. With the pivot at the hinge, Eq. 12-9 leads to 

-mgsinflf + risin(180° - G x - %) = 0 . 

where = 60° and T= mg/2. This yields = 60°. 


66. (a) Setting up equilibrium of torques leads to 


2 L „L 


F íw end L = ( 73 kg) (9 . 8 m/sO - + (2700 N) ^ 


whichyieldsF f arend= 1.5 x 10 3 N. 


(b) Then, equilibrium of vertical forces provides 


^end =(V3)(9.8) + 2700-F farend =1.9xl0 3 N. 


67. (a) and (b) With +x rightward and +y upward (we assume the adult is pulling with 

-> 

force P to the right), we have 

l,Fy = 0 => ÍF= Tcos # =270N 
SF x = 0 => /> = rsin#=72N 

where 0= 15°. 

(c) Dividing the above equations leads to 

P 

-ffr= tan 0 . 


Thus, with W= 270 N and P = 93 N, we find 0=19°. 


68. We denote the tension in the upper left string (bc) as T' and the tension in the lower 
right string (ab) as T. The supported weight is Mg = 19.6 N. The force equilibrium 
conditions lead to 

T' cos 60° = T cos 20° horizontal forces 

r'sin 60° = W + T sin 20° vertical forces. 


(a) We solve the above simultaneous equations and find 


W 

T = = 15N. 

tan 60° cos 20° -sin 20° 


(b) Also, we obtain T = T cos 20° / cos 60° = 29 N. 


69. (a) Because of Eq. 12-3, we can write 

T + (m B g Z -90°) + (m A g Z -150°) = 0 . 

— > 

Solving the equation, we obtain T = (106.34 Z 63.963°). Thus, the magnitude of the 
tension in the upper cord is 106 N, 

(b) and its angle (measured ccw from the +x axis) is 64.0°. 


70. (a) The angle between the beam and the floor is 


sin -1 (d/L)= sin" 1 (1.5/2.5) = 37°, 


so that the angle between the beam and the weight vector Wof the beam is 53°. With L = 
2.5 m being the length of beam, and choosing the axis of rotation to be at the base, 


Thus, P = Vi W sin 53° = 200 N. 
(b) Note that 

P + W = (200 Z 90°) + (500 Z -127°) = (360 Z -146°) 

using magnitude-angle notation (with angles measured relative to the beam, where 
"uphill" along the beam would correspond to 0 o ) with the unit Newton understood. The 


"net force of the floor" Ff is equal and opposite to this (so that the total net force on the 


beam is zero), so that \Ff\ = 360 N and is directed 34° counterclockwise from the beam. 

(c) Converting that angle to one measured from true horizontal, we have 6= 34° + 37° = 
71°. Thus,/ V = Ff cosô and F N = Ff sin 0. Since/ V = f s> max , we divide the equations to 
obtain 




Therefore, jU s = 0.35. 


71 . The cube has side length / and volume V =1 . We use p = BÁV I V for the pressure p. 
We note that 

AV _ A/ 3 _ (/ + A/) 3 - / 3 ^ 3/ 2 A/ _ A/ 
K ~ / 3 / 3 / 3 ~ / ' 

Thus, the pressure required is 

3BM 3(1.4xl0 n N/m 2 )(85.5cm-85.0cm) 1a9at/2 

p = = — — - = 2.4x10 N/m . 

/ 85.5 cm 


72. Adopting the usual convention that torques that would produce counterclockwise 
rotation are positive, we have (with axis at the hinge) 


Er z =0 => 7Zsin60°- Mg 


= o 


where L = 5.0 m and M= 53 kg. Thus, T= 300 N. Now (with F p for the force of the hinge) 

ZF I = 0=>F / „=-rcosô = -150N 
ZF y =0 => F py = Mg- 7 sin6> = 260N 


where 0= 60°. Therefore, F p =(-1.5xl0 2 N)í+(2.6xl0 2 N)j. 


73. (a) Choosing an axis through the hinge, perpendicular to the plane of the figure and 
taking torques that would cause counterclockwise rotation as positive, we require the net 
torque to vanish: 

FZsin90°-772SÍn65° = 0 

where the length of the beam is L = 3.2 m and the height at which the cable attaches is h 
= 2.0 m. Note that the weight of the beam does not enter this equation since its line of 
action is directed towards the hinge. With F = 50 N, the above equation yields T= 88 N. 

(b) To find the components of F p we balance the forces: 

TF x =0 => F px =T cos25°-F 
TF y =0 => F py =Tsm25° + W 

where Wis the weight of the beam (60 N). Thus, we find that the hinge force components 
are F px = 30 N rightward and F py = 97 N upward. In unit-vector notation, 

F / ,=(30N)i + (97 N)j. 


74. (a) Computing the torques about the hinge, we have 7Xsin40° = íí^sin50 o where 

the length of the beam is L = 12 m and the tension is T = 400 N. Therefore, the weight is 
W - 671 N , which means that the gravitational force on the beam is F w - (-671 N)j . 

(b) Equilibrium of horizontal and vertical forces yields, respectively, 

^hingex = T = 400 N 

^nge,=^ = 671N 


where the hinge force components are rightward (for x) and upward (for y). In unit-vector 
notation, we have F hinge =(400 N)í + (671 N)j 


75. We locate the origin of the x axis at the edge of the table and choose rightwards 
positive. The criterion (in part (a)) is that the center of mass of the block above another 
must be no further than the edge of the one below; the criterion in part (b) is more subtle 
and is discussed below. Since the edge of the table corresponds to x = 0 then the total 
center of mass of the blocks must be zero. 

(a) We treat this as three items: one on the upper left (composed of two bricks, one 
directly on top of the other) of mass 2m whose center is above the left edge of the bottom 
brick; a single brick at the upper right of mass m which necessarily has its center over the 
right edge of the bottom brick (so ai = L/2 trivially); and, the bottom brick of mass m. 
The total center of mass is 


which leads to a.2 = 5L/8. Consequently, h = a.2 + fli = 9L/8. 

(b) We have four bricks (each of mass m) where the center of mass of the top and the 
center of mass of the bottom one have the same value x cm = b% — L/2. The middle layer 
consists of two bricks, and we note that it is possible for each of their centers of mass to 
be beyond the respective edges of the bottom one! This is due to the fact that the top 
brick is exerting downward forces (each equal to half its weight) on the middle blocks — 
and in the extreme case, this may be thought of as a pair of concentrated forces exerted at 
the innermost edges of the middle bricks. Also, in the extreme case, the support force 
(upward) exerted on a middle block (by the bottom one) may be thought of as a 
concentrated force located at the edge of the bottom block (which is the point about 
which we compute torques, in the following). 

If (as indicated in our sketch, where F top has magnitude mg/2) 

we consider equilibrium of torques on the rightmost brick, we top >r 
obtain 


(2m)(a 2 —L) + ma 2 + m(a 2 - L 1 2) 


= 0 


Am 


( 



mg b x 


V 


A V 


mg 


which leads to b\ = 2L/3. Once we conclude from symmetry 
that Z>2 = L/2 then we also arrive at h = Z>2 + b\ = 7 L/6. 


Fy 


bottom 


76. One arm of the balance has length £ x and the other has 

length £ 2 . The two cases described in the problem are expressed (in terms of torque 
equilibrium) as 

m l £ l = m£ 2 and m£ 1 = m 2 £ 2 . 


We divide equations and solve for the unknown mass: m - ^m x m 2 . 


77. Since GA exerts a leftward force T at the comerá, then (by equilibrium of horizontal 
forces at that point) the force Fdi ag in CA must be pulling with magnitude 

sin45 

This analysis applies equally well to the force in DB. And these diagonal bars are pulling 
on the bottom horizontal bar exactly as they do to the top bar, so the bottom bar CD is the 
"mirror image" of the top one (it is also under tension T). Since the figure is symmetrical 
(except for the presence of the turnbuckle) under 90° rotations, we conclude that the side 
bars {DA and BC) also are under tension T (a conclusion that also follows from 
considering the vertical components of the pull exerted at the corners by the diagonal 
bars). 

(a) Bars that are in tension are BC, CD and DA. 

(b) The magnitude of the forces causing tension is T — 535 N . 

(c) The magnitude of the forces causing compression on CA and DB is 


F ^ = V2r = (1.41)535 N = 757 N . 


78. (a) For computing torques, we choose the axis to be at support 2 and consider torques 
which encourage counterclockwise rotation to be positive. Let m = mass of gymnast and 
M= mass of beam. Thus, equilibrium of torques leads to 

Mg(l .96 m) - mg(0.54 m) - i?(3 .92 m)=0. 

Therefore, the upward force at support 1 is F\ = 1163 N (quoting more figures than are 
significant — but with an eye toward using this result in the remaining calculation). In 

unit- vector notation, we have F 1 =(1.16x10 N)j . 

(b) Balancing forces in the vertical direction, we have F { + F 2 - Mg - mg = 0 , so that the 
upward force at support 2 is F 2 =1.74 x 10 N. In unit-vector notation, we have 
F 2 =(1.74xl0 3 N)j. 


79. (a) Let d = 0.00600 m. In order to achieve the same final lengths, wires 1 and 3 must 
stretch an amount d more than wire 2 stretches: 


AL! = AL 3 = AL 2 + d . 
Combining this with Eq. 12-23 we obtain 

„ r, dAE 

F X =F, = F 2 + — . 

Now, Eq. 12-8 produces F\ + F 3 + F 2 - mg = 0. Combining this with the previous 
relation (and using Table 12-1) leads to F= 1380 N - 1.38xl0 3 N . 


(b) Similarly, F 2 = 180 N. 


80. Our system is the second finger bone. Since the system is in 
static equilibrium, the net force acting on it is zero. In addition, the 
torque about any point must be zero. We set up the torque equation O 4^ 

about point O where F c act: a \ \ 


\3J 


F t sin a + (d)F v sin 0 + {d)F h sin (p . 


Solving for F t and substituting the values given, we obtain 

3(F v sin 0 + F h sin (/)) _ 3[(1 62.4 N) sin 1 0 o + (1 3 .4 N) sin 80 o ] 



F =- 


sina 
1.8xl0 2 N. 


sin 45° 


= 175.6N 


81. When it is about to move, we are still able to apply the equilibrium conditions, but (to 
obtain the criticai condition) we set static friction equal to its maximum value and picture 


directly below the point O where P is being applied. Thus, the line of action of F N passes 
through point O and exerts no torque about O (of course, a similar observation applied to 
the pull P). Since F N = mg in this problem, we have f smax = /img applied a distance h 
away from O. And the line of action of force of gravity (of magnitude mg), which is best 
pictured as a concentrated force at the center of the cube, is a distance L/2 away from O. 
Therefore, equilibrium of torques about O produces 


for the criticai condition we have been considering. We now interpret this in terms of a 
range of values for ju. 

(a) For it to slide but not tip, a value of // less than that derived above is needed, since 
then — static friction will be exceeded for a smaller value of P, before the pull is strong 
enough to cause it to tip. Thus, ju < L/2h = 0.57 is required. 

(b) And for it to tip but not slide, we need // greater than that derived above is needed, 
since now — static friction will not be exceeded even for the value of P which makes the 
cube rotate about its front lower corner. That is, we need to have // > Lllh = 0.57 in this 
case. 


the normal force F N as a concentrated force (upward) at the bottom corner of the cube, 


jUmgh = mg 



=> ju = 


L _ (8.0 cm) 
2h ~ 2(7.0 cm) 


= 0.57 


82. The assumption stated in the problem (that the density does not change) is not meant 
to be realistic; those who are familiar with Poisson's ratio (and other topics related to the 
strengths of materiais) might wish to think of this problem as treating a fictitious material 
(which happens to have the same value of E as aluminum, given in Table 12-1) whose 
density does not significantly change during stretching. Since the mass does not change, 
either, then the constant-density assumption implies the volume (which is the circular 
area times its length) stays the same: 

(nr 2 L) aew = (nr 2 L) oli => AL = L[(l 000/999. 9) 2 - 1] . 

Now, Eq. 12-23 gives 

F= nr 2 E AL/L = nr 2 (7.0 x 1 0 9 N/m 2 ) [(1 000/999. 9) 2 - 1] . 

Using either the new or old value for r gives the answer F = 44 N. 


83. Where the crosspiece comes into contact with the beam, there is an upward force of 
2F (where F is the upward force exerted by each man). By equilibrium of vertical forces, 
W=3F where Wis the weight of the beam. If the beam is uniform, its center of gravity is 
a distance L/2 from the man in front, so that computing torques about the front end leads 
to 


W— = 2Fx = 2 
2 


Í W \ 


3 j 


x 


which yields x = 3L/4 for the distance from the crosspiece to the front end. It is therefore 
a distance L/4 from the rear end (the "free" end). 


84. (a) Setting up equilibrium of torques leads to a simple "levei principie" ratio: 

F„ I „=(l 1 kg)(9^rf) (91/ o 2 - 10)Cm =42K 

91cm 

(b) Then, equilibrium of vertical forces provides 

^Lge =(Hkg)(9.8m/s 2 )-F catch =66N. 


85. We choose an axis through the top (where the ladder comes into contact with the 
wall), perpendicular to the plane of the figure and take torques that would cause 
counterclockwise rotation as positive. Note that the line of action of the applied force 
Fintersects the wall at a height of (8.0 m)/5 = 1.6m ; in other words, the moment arm 
for the applied force (in terms of where we have chosen the axis) is 
r ± = (4/5)(8.0 m) = 6.4 m . The moment arm for the weight is half the horizontal distance 

from the wall to the base of the ladder; this works out to be ^/(10 m) 2 -(8 m) 2 / 2 = 3.0 m . 


Similarly, the moment arms for the x and y components of the force at the ground \F g 
are 8.0 m and 6.0 m, respectively. Thus, with lengths in meters, we have 


In addition, from balancing the vertical forces we find that W = Fgy (keeping in mind that 
the wall has no friction). Therefore, the above equation can be written as 


(a) With F = 50 N and W = 200 N, the above equation yields F gx = 35 N. Thus, in unit 
vector notation we obtain 


(b) With F = 150 N and W= 200 N, the above equation yields F gx = -45 N. Therefore, in 
unit vector notation we obtain 


(c) Note that the phrase "start to move towards the wall" implies that the friction force is 
pointed away from the wall (in the -i direction). Now, if/= -F gx and F N = Fgy = 200 N 
are related by the (maximum) static friction relation (f = f s , m &x = jU s F N ) with ju s = 0.38, 
then we find F gx = -76 N. Returning this to the above equation, we obtain 



Ir, =F(6.4 m) + ^(3.0 m) + F (8.0 m)-F (6.0 m) = 0. 


Zr z =F(6.4 m) + W (3.0 m) + F (8.0 m)-W(6.0 m) = 0. 


F =(35N)i+(200 N)j. 


F = (-45 N)i+(200N)j. 


F - 


(200N)(3.0m) + (76N)(8.0m) 


= 1.9xl0 2 N. 


6.4 m 


86. The force F exerted on the beam is F = 7900 N, as computed in the Sample Problem. 
Let FIA = SJ6, where S u = 50xl0 6 N/m 2 is the ultimate strength (see Table 12-1), then 

Ã= 6_F = 6(7900 N) 
5„ 50xl0 6 N/m 2 

Thus the thickness is 42 = V9.5X10" 4 m 2 = 0.03 1 m . 


1. The magnitude of the force of one particle on the other is given by F = Gm\milr', 
where m\ and m 2 are the masses, r is their separation, and G is the universal gravitational 
constant. We solve for r: 


2. We use subscripts s, e, and m for the Sun, Earth and Moon, respectively. Plugging in 
the numerical values (say, from Appendix C) we find 


G m s m m /r sm _m s 


F„ m Gm ,m„ / r 


m 


1.99xl0 30 kg 


5.98xl0 24 kg 


e V sm J 


3.82xl0 8 m 


v 1.50xlO u m y 


= 2.16. 


3. The gravitational force between the two parts is 

Gm(M-m) G t ,\ 

F = K — >- = ^-(mM-m 2 ) 

r r x ' 

which we differentiate with respect to m and set equal to zero: 

dF G 

= 0 = — (M-2m) =í> M = 2m 

dm r 

This leads to the result m/M= 1/2. 


4. The gravitational force between you and the moon at its initial position (directly 
opposite of Earth from you) is 

GMm 


F 0 = 


( R me +R e) 


where M m is the mass of the moon, R ME is the distance between the moon and the Earth, 
and R E is the radius of the Earth. At its final position (directly above you), the 
gravitational force between you and the moon is 


GM m m 

( R ME ~ R e) 


(a) The ratio of the moon's gravitational pulls at the two different positions is 


F x _GM m m/(R ME -R E ) 2 _ r 


F 0 GM m ml(R ME +R E f 


R ME +R E 


V R ME R E J 


3.82xl0 8 m + 6.37xl0 6 m^ 
v 3.82xl0 8 m-6.37xl0 6 m y 


= 1.06898. 


Therefore, the increase is 0.06898, or approximately, 6.9%. 
(b) The change of the gravitational pull may be approximated as 


GMm 


GMm GMm 


( R ME ~ R E f ( R ME +R E f 


R 


ME 


1 + 2-** 


R 


GMm 


ME J 


R 


ME 


X _ 2 R E 


R 


AGMmR, 


ME J 


R 


ME 


On the other hand, your weight, as measured on a scale on Earth is 

GM E m 


K=mg E = 


Rl 


Since the moon pulls you "up," the percentage decrease of weight is 


f M^ 


\ M EJ 


\ R ME J 


= 4 


22 i \ 


7.36xl0 2i kg 


5.98x1 0 24 kg 


6.37X10 6 m A 
3.82xl0 8 m 


= 2.27x10"' =(2.3xl0" 5 )% 


5. We require the magnitude of force (given by Eq. 13-1) exerted by particle C on A be 
equal to that exerted by B on A. Thus, 


GrriA me Gma mg 

2 = 12 . 

r a 

We substitute in mb = 3ntA and mb = 3ntA, and (after canceling "m^") solve for r. We 
find r = 5d. Thus, particle C is placed on the x axis, to left of particle A (so it is at a 
negative value of x), atx = S.OOd. 


6. Using F = GmM/r , we find that the topmost mass pulls upward on the one at the 
origin with 1.9 x 10~ 8 N, and the rightmost mass pulls rightward on the one at the origin 
with 1.0 x 10~ 8 N. Thus, the (x, y) components of the net force, which can be converted to 
polar components (here we use magnitude-angle notation), are 

^ =(1-04x10 - 8 ,1.85xKT 8 )^(2.13xl(T 8 Z60.6 0 ). 

(a) The magnitude of the force is 2.13 x IO" 8 N. 

(b) The direction of the force relative to the +x axis is 60.6° . 


7. At the point where the forces balance GM e m I = GM s m I r 2 2 , where M e is the mass of 

Earth, M s is the mass of the Sun, m is the mass of the space probe, r\ is the distance from 
the center of Earth to the probe, and r 2 is the distance from the center of the Sun to the 
probe. We substitute r 2 = d - r\, where d is the distance from the center of Earth to the 
center of the Sun, to find 


Taking the positive square root of both sides, we solve for r\. A little álgebra yields 



= 2.60xl0 8 m. 


Values for M e , M s , and d can be found in Appendix C. 


8. The gravitational forces on ms from the two 5.00g masses m\ and cancel each other. 
Contributions to the net force on m 5 come from the remaining two masses: 


(6.67XKT 11 N-m 2 /kg 2 )(2.50xl(T 3 kg)(3.00xl(T 3 kg-l.OOxlO -3 kg) 

(V2xl0^m) 2 

= 1.67xl0~ 14 N. 

The force is directed along the diagonal between m 2 and m 3 , towards m 2 . In unit-vector 
notation, we have 

F net =F net (cos45°í + sin45°j) = (1.18xl0" 14 N)í + (1.18xl(r 14 N) ] 


9. The gravitational force from Earth on you (with mass m) is 

GM r m 


where g = GM E I R 2 E = 9.8 m/s 2 . If r is the distance between you and a tiny black hole of 
mass M b = lxl O 11 kg that has the same gravitational pull on you as the Earth, then 


^ GM.m 


Combining the two equations, we obtain 


GM E m _ GM b m _ \ GM b _ (6.67x10"" m 3 /kg s 2 )(lxl0" kg) 
R 2 E ~ r 1 ^ r ~\~g~ ~\ 9.8 m/s 2 


10. (a) We are told the value of the force when particle C is removed (that is, as its 
position x goes to infinity), which is a situation in which any force caused by C vanishes 
(because Eq. 13-1 has r 2 in the denominator). Thus, this situation only involves the force 
exerted by A on B: 

^ M ^=4.17X10- 10 N. 


(0.20 m) 

Since m B = 1.0 kg, then this yields m A = 0.25 kg. 

(b) We note (from the graph) that the net force on B is zero when x = 0.40 m. Thus, at 
that point, the force exerted by C must have the same magnitude (but opposite direction) 
as the force exerted by A (which is the one discussed in part (a)). Therefore 

Gm c m B =417xlQ -io N ^ mc =l.00kg. 


(0.40 m) z 


1 1 . (a) The distance between any of the spheres at the corners and the sphere at the center 
is 

r = ^/2cos30° = ^/V3 


where í is the length of one side of the equilateral triangle. The net (downward) 
contribution caused by the two bottom-most spheres (each of mass m) to the total force 
on rri4 has magnitude 


2F y =2 


Gm 4 m 


. , AO Gm 4 m 
sin30 =3 r— . 


This must equal the magnitude of the pull from M, so 


^ Gm 4 m _ Gm 4 m 


which readily yields m=M. 

(b) Since m 4 cancels in that last step, then the amount of mass in the center sphere is not 
relevant to the problem. The net force is still zero. 


12. Ali the forces are being evaluated at the origin (since particle A is there), and ali 

forces (except the net force) are along the location-vectors r which point to particles B 
and C. We note that the angle for the location-vector pointing to particle B is 180° - 
30.0° = 150° (measured ccw from the +x axis). The component along, say, the x axis of 

one of the force-vectors F is simply Fx/r in this situation (where F is the magnitude of 


F ). Since the force itself (see Eq. 13-1) is inversely proportional to r 2 then the 
aforementioned x component would have the form GmMx/r\ similarly for the other 
components. With m A = 0.0060 kg, «b = 0.0120 kg, and mc = 0.0080 kg, we therefore 
have 

Gm A m B x B Gm A m c xc n . Mxn , q< a 

F^x = ZTí + TT = (2.77 x 10 N)cos(-163.8°) 


and 


Gm A m B yB , Gm A m c y c m-i4 xn • , i« oo^ 

Fmty = Z 3 + ^ 3 = (2.77 x 10 N)sin(-163.8°) 


where r B = í/ab = 0.50 m, and (jcb, Jb) = (r B cos(150°), r B sin(150°)) (with SI units 
understood). A fairly quick way to solve for rc is to consider the vector difference 
between the net force and the force exerted by A, and then employ the Pythagorean 
theorem. This yields rc = 0.40 m. 

(a) By solving the above equations, the x coordinate of particle C is xc= -0.20 m. 


(b) Similarly, the y coordinate of particle C is yc= -0.35 m. 


13. If the lead sphere were not hollowed the magnitude of the force it exerts on m would 
be F\ = GMm/d 2 . Part of this force is due to material that is removed. We calculate the 
force exerted on m by a sphere that just fills the cavity, at the position of the cavity, and 
subtract it from the force of the solid sphere. 

The cavity has a radius r = R/2. The material that fills it has the same density (mass to 
volume ratio) as the solid sphere. That is MJr 3 = M/R 3 , where M c is the mass that fills the 
cavity. The common factor 4n/3 has been canceled. Thus, 

M c = — M= — \M = — . 
c {R 3 ) {SR') 8 


The center of the cavity is d -r = d - R/2 from m, so the force it exerts on m is 


_ G(M/S)m 

F 2 — 


(d -R/2) 


The force of the hollowed sphere on m is 


F = F l -F 2 = GMm 


\ f 
GMm 


d 1 S(d-R/2) 


1- 


S(\-R/2d) 


(6.67x1 0" 11 m 3 /s 2 -kg)(2.95 kg)(0.431 kg) 


(9.00 xl O" 2 m) 2 


1 — 


1 


8[1 - (4 x 1 0 Z m) /(2 ■ 9 x 1 0~ 2 m)] 2 


= 8.31xlO" 9 N. 


14. Using Eq. 13-1, we find 


z? 2Gmk o , zf 4G/7ÍA 2 o 

Fab = J and Fac= -~3?" 1 • 

Since the vector sum of ali three forces must be zero, we find the third force (using 
magnitude-angle notation) is 

~* Gm.i\ 

Fad=— ^(2.404 Z -56.3°). 


This tells us immediately the direction of the vector r (pointing from the origin to 
particle D), but to find its magnitude we must solve (with mo = 4wa) the following 
equation: 

2.404^1 = Qm ^ 11 . 


" J r 

— > 

This yields r = 1 29d. In magnitude-angle notation, then, r =(1.29 Z -56.3°) , with 
SI units understood. The "exact" answer without regard to significant figure 
considerations is 

7 = ( 2 a/tS ' aíS y 

(a) In {x, y) notation, the x coordinate is x =0.7 \6d. 


(b) Similarly, the y coordinate is y = -l.07d. 


15. Ali the forces are being evaluated at the origin (since particle A is there), and ali 
forces are along the location-vectors r which point to particles B, C and D. In three 
dimensions, the Pythagorean theorem becomes r = \jx 2 +y 2 + z 2 . The component along, 

say, the x axis of one of the force-vectors F is simply Fx/r in this situation (where F is 

-» 2 

the magnitude of F ). Since the force itself (see Eq. 13-1) is inversely proportional to r 
then the aforementioned x component would have the form GmMx/r 3 ; similarly for the 
other components. For example, the z component of the force exerted on particle A by 
particle B is 

Gma rriBZB _ Gm A (2m A )(2d) _ AGm A 
W " ((2d) 2 + d 1 + (2d) 2 Y ~ 21 d 2 ■ 

In this way, each component can be written as some multiple of Gm^/d 2 . For the z 
component of the force exerted on particle A by particle C, that multiple is -9^/14 /196. 
For the x components of the forces exerted on particle A by particles B and C, those 
multiples are 4/27 and -3yf\Ã /196, respectively. And for the y components of the forces 
exerted on particle A by particles B and C, those multiples are 2/27 and 3^ /98, 
respectively. To find the distance r to particle D one method is to solve (using the fact 
that the vector add to zero) 



(where mo = 4ota) for r. This gives r = A. 351 d. The individual values of x, y and z 
(locating the particle D) can then be found by considering each component of the 
GmpjnDlr 2 force separately. 

(a) The x component of r would be 

Gm A m D x/r = -(4/27 -3>/l4 l\9€)Gm A 2 /d 2 , 
which yields x = -1 .88d. 

(b) Similarly, y = -3. 90d, 

(c) and z = 0.489*/. 

In this way we are able to deduce that (x, y, z) = (1.88í/, 3.90í/, 0.49í/). 


16. Since the rod is an extended object, we cannot apply Equation 13-1 directly to fínd 
the force. Instead, we consider a small differential element of the rod, of mass dm of 
thickness dr at a distance r from m l . The gravitational force between dm and m l is 


dF = 


Gm x dm Gm l (M I L)dr 


d 


where we have substituted dm = (M I L)dr since m 
mass is uniformly distributed. The direction of 

dF is to the right (see figure). The total force 
can be found by integrating over the entire length of the rod: 


dF 


L . 
dm 


dr 


F 


_ r _ Gm x M rL+d dr _ 

J T M r 2 


Gm x M ( 


L 


L 


L + d 


Gm x M 
d(L + d) 


Substituting the values given in the problem statement, we obtain 


F = 


Gm x M _(6.67xKT n m 3 /kg s 2 )(0.67kg)(5.0kg) 


d(L + d) 


(0.23 m)(3.0m + 0.23 m) 


= 3.0xl(T 10 N. 


17. The acceleration due to gravity is given by a g = GM/r , where M is the mass of Earth 
and r is the distance from Earth's center. We substitute r = R + h, where R is the radius 
of Earth and h is the altitude, to obtain a g = GM /{R + hf. We solve for h and obtain 

h = ^GMTã~-R. According to Appendix C, R = 6.37 x IO 6 m and M= 5.98 x IO 24 kg, 
so 


18. We follow the method shown in Sample Problem 13-3. Thus, 

GM E , „ GM E , 
a g =^^da g =-2—^dr 


which implies that the change in weight is 

^top-^bottom^í^g)- 

But since fFbottom = GmM E /R 2 (where R is Earth's mean radius), we have 

^GmM F , „ Trr dr „ , . l.ólxlO 3 m n „^„ ^ T 

mda 0 = -2 ^dr = -2W hnttnm — = -2(600 N) — = -0.303 N 

R' bottom R K ; 6.37xl0 6 m 


for the weight change (the minus sign indicating that it is a decrease in W). We are not 
including any effects due to the Earth's rotation (as treated in Eq. 13-13). 


2 

19. (a) The gravitational acceleration at the surface of the Moon is g m0 on = 1-67 m/s (see 
Appendix C). The ratio of weights (for a given mass) is the ratio of g-values, so 

^moon = (100 N)(1.67/9.8)=17N. 

(b) For the force on that object caused by Earth's gravity to equal 17 N, then the free-fall 
acceleration at its location must be a g = 1.67 m/s . Thus, 


a =^^r= r^=1.5xl0 7 m 


S „2 


so the object would need to be a distance of r/R E = 2.4 "radii" from Earth's center. 


20. The free-body diagram of the force acting on the plumb line is shown on the right 
The mass of the sphere is 


M = pV = p 


4^3 

3 


(2.6x1 0 3 kg/m 3 )(2.00xl0 3 m) 3 


:8.71xl0 13 kg. 


The force between the "spherical" mountain and the plumb 
line is F = GMm I r 1 . Suppose at equilibrium the line makes 
an angle 0 with the vertical and the net force acting on the 
line is zero. Therefore, 

O = 2X e ^=rsin0-F = rsin0- 
0 = Z F net,v =T cos- mg 


M 



GMm 


F 



mg 


F GM 

The two equations can be combined to give tan 6 = = — — . The distance the lower 


mg gr 


end moves toward the sphere is 


x = /tan# = /^- = (0.50m) 

gr 

= 8.2xl(T 6 m. 


(6. 67x10 " m 3 /kg s 2 )(8.71xl0 13 kg) 
(9.8)(3x2.00xl0 3 m) 2 


21. (a) The gravitational acceleration is a g = = 7.6 m/s 2 


G(5M) 

(b) Note that the total mass is 5M. Thus, = — — ^ = 4.2 m/s . 

(3i?) 


22. (a) Plugging Rh = 2GMh Ic into the indicated expression, we find 

GM h _ GM h _ c 4 1 

ãs (l.OOltfJ 2 (1.001) 2 (2GM h lc 2 ) 2 (2.002) 2 GM A 

which yields a g = (3.02 x IO 43 kg-m/s 2 ) IM h . 

(b) Since Mh is in the denominator of the above result, a g decreases as Mh increases. 

(c) WithM Ã = (1.55 x IO 12 ) (1.99 x IO 30 kg), we obtain a g = 9.82 m/s 2 . 

(d) This part refers specifically to the very large black hole treated in the previous part. 
With that mass for M in Eq. 13-16, and r = 2.002GM/c 2 , we obtain 

dei = — 2 dv = dr 

(2.002GM/c 2 ) 3 (2.002) 3 (GM) 2 

where dr — > 1.70 m as in Sample Problem 13-3. This yields (in absolute value) an 

— 1 5 2 

acceleration difference of 7.30 x 10 m/s . 

(e) The miniscule result of the previous part implies that, in this case, any effects due to 
the differences of gravitational forces on the body are negligible. 


23. From Eq. 13-14, we see the extreme case is when "g" becomes zero, and plugging in 
Eq. 13-15 leads to 

GM 2 *W 

0 = — — -Ra> =^M = . 

R 2 G 

Thus, with R = 20000 m and co= 2n rad/s, we find M= 4.7 x IO 24 kg « 5 x IO 24 kg. 


2 

24. (a) What contributes to the GmM/r force on m is the (spherically distributed) mass M 
contained within r (where r is measured from the center of M). At point A we see that M\ 
+ M 2 is at a smaller radius than r = a and thus contributes to the force: 

on m\ 2 

1 1 a 

(b) In the case r = b, only M\ is contained within that radius, so the force on m becomes 
GMxm/b 1 . 

(c) If the particle is at C, then no other mass is at smaller radius and the gravitational 
force on it is zero. 


25. (a) The magnitude of the force on a particle with mass m at the surface of Earth is 
given by F = GMm/R 2 , where M is the total mass of Earth and R is Earth' s radius. The 
acceleration due to gravity is 

F GM (6.67XKT 11 m 3 /s 2 kg)Í5.98xl0 24 kg) 

a = — = — _— = = 9.83 m/s . 

m R (6.37X10 6 m) 

2 

(b) Now a g = GM/R , where M is the total mass contained in the core and mantle together 
and R is the outer radius of the mantle (6.345 x IO 6 m, according to Fig. 13-43). The total 
mass is 

M = (1.93 x IO 24 kg + 4.01 x 10 24 kg ) = 5.94 x IO 24 kg. 
The first term is the mass of the core and the second is the mass of the mantle. Thus, 

(6.67xl(T n mV -kg)Í5.94xl0 24 kg) 

a g = ± " = 9.84 m/s 2 . 

(6.345X10 6 m) 

(c) A point 25 km below the surface is at the mantle-crust interface and is on the surface 
of a sphere with a radius of R = 6.345 x IO 6 m. Since the mass is now assumed to be 
uniformly distributed the mass within this sphere can be found by multiplying the mass 
per unit volume by the volume of the sphere: M = (R 3 1 R 3 e )M e , where M e is the total 
mass of Earth andi? e is the radius of Earth. Thus, 


M 


6345X106 m (5.98xl0 24 kg) = 5.91xl0 24 kg. 


6.37X10 6 m j 


The acceleration due to gravity is 


GM (6.67xl0 n m 3 /s 2 kg)(5.91xl0 24 kg) 

a = — -y- = = 9.79 m/s 2 

R (6.345X10 6 m) 


2 1 2 I — 

26. (a) Using Eq. 13-1, we set GmM/r equal to ~ GmM/R , and we find r = R-\]2 . Thus, 


2 

the distance from the surface is (sj2 - l)R = 0.4147?. 


4 -3 


(b) Setting the density p equal to M/V where V=^7tR , we use Eq. 13-19 


AnGmrp _ AnGmr 


M 1 GMmr 1 GMm 


4^ri? 3 /3j i? 3 2 i? 2 


r = R/2. 


"5 

27. Using the fact that the volume of a sphere is 4nR /3, we find the density of the sphere: 

M totai 1.0xl0 4 kg 3 3 

n = — í2í2L = * = 2.4x10 kg/m . 

f^(1.0 m) 3 

When the particle of mass m (upon which the sphere, or parts of it, are exerting a 
gravitational force) is at radius r (measured from the center of the sphere), then whatever 
mass Mis at a radius less than r must contribute to the magnitude of that force (GMm/r ). 

(a) At r = 1 .5 m, ali of M tota \ is at a smaller radius and thus ali contributes to the force: 


GmM„ 


m(3.0xl(T 7 N/kg). 


(b) At r = 0.50 m, the portion of the sphere at radius smaller than that is 


M = p 


-Kr 


1.3xl0 3 kg. 


2 — 7 

Thus, the force on m has magnitude GMm/r = m (3.3 x 10 N/kg), 
(c) Pursuing the calculation of part (b) algebraically, we find 


\F \ = 

on m 


Gmp[\nr i ) 


= mr 


6.7xl0" 7 


N 


kgm 


28. The difference between free-fall acceleration g and the gravitational acceleration a 
at the equator of the star is (see Equation 13.14): 


a g -g = ú) 2 R 

where 

co = — = = 153 rad/s 

T 0.041 s 

is the angular speed of the star. The gravitational acceleration at the equator is 

a . «g- (6.67X10-' m '/kg.s')(l 98x10* kg) 
g i? 2 (1.2xl0 4 m) 2 

Therefore, the percentage difference is 

«Lg . jg« . (153rad/s)'(l 2x10* -) ^ 
a g a g 9.17x10" m/s 2 


29. (a) The density of a uniform sphere is given by p = 3M/4nR , where M is its mass and 
R is its radius. The ratio of the density of Mars to the density of Earth is 


Pm _M m R e _ qu 
Pe M e K 


^0.65xl0 4 km 
v 3.45xl0 3 km y 


= 0.74. 


(b) The value of a g at the surface of a planet is given by a g = GM/R , so the value for 
Mars is 


M M Ri 


0.11 


0.65X10 4 km 
3.45X10 3 km 


(9.8 m/s 2 ) = 3.8 m/s 2 


(c) If v is the escape speed, then, for a particle of mass m 


1 2 ^mM 
— mv = Cr 

2 i? 


v = . 


2GM 


R 


For Mars, the escape speed is 


|2(6.67xl0" n m 3 /s 2 - kg) (0.11) (5.98xl0 24 kg) 
3.45xl0 6 m 


: 5.0xl0 3 m/s. 


30. (a) The gravitational potential energy is 


= _GMm = (6.67x10-" m V -kg)(5.2 kg)(2.4 kg) _ 


19 m 


= _ 4.4x10" J. 


(b) Since the change in potential energy is 


AU = - 


GMm 
3r 


GMm 


\ r ) 


.(-4.4X10 11 J) = 2.9xl0~ n J, 


the work done by the gravitational force isfF=-ÁÍ7=-2.9xlO J. 


(c) The work done by you is W = AU= 2.9 x 10 11 J 


3 1 . The amount of (kinetic) energy needed to escape is the same as the (absolute value of 
the) gravitational potential energy at its original position. Thus, an object of mass mona 
planet of mass M and radius R needs K = GmM/R in order to (barely) escape, 
(a) Setting up the ratio, we find 


^n L= K L ^ =0.0451 

K E M E R m 


using the values found in Appendix C. 

(b) Similarly, for the Júpiter escape energy (divided by that for Earth) we obtain 


32. (a) The potential energy at the surface is (according to the graph) -5.0 x IO 9 J, so 
(since U is inversely proportional to r - see Eq. 13-21) at an r-value a factor of 5/4 times 
what it was at the surface then Í7 must be a factor of 4/5 what it was. Thus, at r = \.25R S 
U= - 4.0 x IO 9 J. Since mechanical energy is assumed to be conserved in this problem, 
we have K + U = -2.0 x IO 9 J at this point. Since U = - 4.0 x IO 9 J here, then 
i: = 2.0xl0 9 J at this point. 

(b) To reach the point where the mechanical energy equals the potential energy (that is, 
where U = - 2.0 x IO 9 J) means that U must reduce (from its value at r = 1 .25i?. s ) by a 
factor of 2 - which means the r value must increase (relative to r = 1.25i?. v ) by a 
corresponding factor of 2. Thus, the turning point must be at r = 2.5R S . 


33. The equation immediately preceding Eq. 13-28 shows that K = -U (with Í7evaluated 
at the planefs surface: -5.0 x IO 9 J) is required to "escape." Thus, K = 5.0 x IO 9 J. 


34. The gravitational potential energy is 


Gm(M-m) G i ,\ 
U = i '- = - — (Mm-m 2 ) 

which we differentiate with respect to m and set equal to zero (in order to minimize). 
Thus, we find M— 2m = 0 which leads to the ratio m/M= 1/2 to obtain the least potential 
energy. 

Note that a second derivative of U with respect to m would lead to a positive result 
regardless of the value of m - which means its graph is everywhere concave upward and 
thus its extremum is indeed a minimum. 


35. (a) The work done by you in moving the sphere of mass «b equals the change in the 
potential energy of the three-sphere system. The initial potential energy is 


_ Gm A m B Gm A m c Gm B m c 


L-d 


and the final potential energy is 


_ Gm A m B Gm A m c Gm B m c 
f ~ L-d L d 


The work done is 


W=U f -U l =Gm B 


m, 


1 


= Gm^ 


L-2d 


d L-d, 
2d-L 


1 } ( 1 
+ m r 


"c 


L-d d 


m 


A d(L-d) c d(L-d) 


Gm B (m A -m c ) 


L-2d 
d(L-d) 


= (6.67 x 10 m j /s -kg) (0.0 10 kg)(0.080 kg -0.020 kg) 
= +5.0xl0" 13 J. 


0.12 m - 2(0.040 m) 
(0.040 m)(0. 12 -0.040 m) 


1 o 

(b) The work done by the force of gravity is -(Uf— U,) = -5.0 x 10 J 


36. (a) From Eq. 13-28, we see that v 0 = yjGM 1 2R E in this problem. Using energy 
conservation, we have 

1 2 

2 mv 0 - GMm/RE = - GMm/r 
which yields r = 4i? E /3. So the multiple of Re is 4/3 or 1 .33. 

(b) Using the equation in the textbook immediately preceding Eq. 13-28, we see that in 
this problem we have K { = GMm/2R E , and the above manipulation (using energy 
conservation) in this case leads to r = 2R E . So the multiple of i? E is 2.00. 

(c) Again referring to the equation in the textbook immediately preceding Eq. 13-28, we 
see that the mechanical energy = 0 for the "escape condition." 


37. (a) We use the principie of conservation of energy. Initially the particle is at the 
surface of the asteroid and has potential energy Ui = -GMm/R, where M is the mass of 
the asteroid, R is its radius, and m is the mass of the particle being fired upward. The 
initial kinetic energy is l / 2 mv 2 . The particle just escapes if its kinetic energy is zero when 

it is infinitely far from the asteroid. The final potential and kinetic energies are both zero. 
Conservation of energy yields 

-GMm/R + l Ámv 2 = 0. 


We replace GM/R with a g R, where a g is the acceleration due to gravity at the surface. 
Then, the energy equation becomes -a g R + Viv = 0. We solve for v: 

v = ^j2a g R = ^2(3.0 m/s 2 ) (500 x IO 3 m) = 1.7 x IO 3 m/s. 


(b) Initially the particle is at the surface; the potential energy is U = -GMm/R and the 
kinetic energy is K t = Vimv 2 . Suppose the particle is a distance h above the surface when it 
momentarily comes to rest. The final potential energy is U/= -GMm/(R + h) and the final 
kinetic energy is Kf= 0. Conservation of energy yields 


GMm 1 2 GMm 
H — mv = - 


R 2 R + h 

We replace GM with a g R 2 and cancel m in the energy equation to obtain 

-a.R H — v = - 


2 (R + h) 

The solution for h is 


2a g R 2 2(3.0 m/s 2 ) (500 x IO 3 m) 2 _ ; 

h= T -R = ^ ^-^ T - (500 x 10 m) 

2a g R - v 2 2(3.0 m/s 2 ) (500 x IO 3 m) - (1000 m/s) 2 

= 2.5 x IO 5 m. 


(c) Initially the particle is a distance h above the surface and is at rest. Its potential energy 
is Ui = -GMm/(R + h) and its initial kinetic energy is K t = 0. Just before it hits the 
asteroid its potential energy is t/y = -GMm/R. Write l / 2 mv 2 for the final kinetic energy. 
Conservation of energy yields 

GMm GMm 1 2 
= 1 — mv . 

R + h R 2 


2 

We substitute a g R for GM and cancel m, obtaining 


= -a„R + -v 2 . 


R + h g 2 

The solution for v is 


, n 2a R 2 \ ~ 2(3.0 m/s 2 )(500 x IO 3 m) 

v=.\2a z R s — =J2(3.0 m/s 2 )(500 x IO 3 m) - 


R + h \ (500 x IO 3 m) +(1000 x 10 3 m) 

1.4 x 10 3 m/s. 


38. Energy conservation for this situation may be expressed as follows: 


K l+Ul =K 2+ U 2 => Ki _GmM =K2 _GmM 


r 2 


where M= 5.0 x IO 23 kg, n = R = 3.0 x IO 6 m and m = 10 kg. 

(a) If K\ = 5.0 x 10 J and r 2 = 4.0 x 10 m, then the above equation leads to 


K 2 =K, + GmM 


V r 2 r i y 


= 2.2 x IO 7 J. 


(b) In this case, we require K 2 = Q and r 2 = 8.0 x 10 m, and solve for K\\ 


K,=K 2 + GmM 


V 1 r 2 J 


= 6.9xl0 7 J. 


39. (a) The momentum of the two-star system is conserved, and since the stars have the 
same mass, their speeds and kinetic energies are the same. We use the principie of 
conservation of energy. The initial potential energy is U t = -GM /r Í5 where M is the mass 
of either star and n is their initial center-to-center separation. The initial kinetic energy is 
zero since the stars are at rest. The final potential energy is Uf= -2GM /r, since the final 
separation is r/2. We write Mv 2 for the final kinetic energy of the system. This is the sum 
of two terms, each of which is l AMv . Conservation of energy yields 


GM 2GM _. 2 
= + Mv . 


The solution for v is 


GM _ (6.67 x IO -11 m 3 /s 2 kg)(10 30 kg) 


IO 10 m 


8.2 x 10 m/s. 


(b) Now the final separation of the centers is ry= 2R = 2 x IO 5 m, where R is the radius of 
either of the stars. The final potential energy is given by Uf = -GM 2 /r/ and the energy 

2 2 2 

equation becomes -GM /r, = -GM /r/+ Mv . The solution for v is 


v= . GM 


= 1(6.67 x 1 (T 1 m J / s 2 ■ kg) ( 1 0 30 kg) 


v 2xl0 5 m 10 10 m y 


= 1.8 x IO 7 m/s. 


40. (a) The initial gravitational potential energy is 

GM Á M B (6.67 x 10" mVs 2 kg) (20 kg) (10 kg) 


U, = - 


0.80 m 


= -1.67xl0~ 8 J = -1.7xl0~ 8 J. 


(b) We use conservation of energy (with K t = 0): 

(6.67 x IO" 11 mV - kg) (20 kg) (10 kg) 


U ; =K + U => -1.7xl0" 8 = K - 


0.60 m 


which yields I=5.6x 10 9 J. Note that the value of r is the difference between 0.80 m 
and 0.20 m. 


41. Let m = 0.020 kg and d = 0.600 m (the original edge-length, in terms of which the 
final edge-length is d/3). The total initial gravitational potential energy (using Eq. 13-21 
and some elementary trigonometry) is 

4Gm 2 2Gm 2 
Ul ~~ d ■ 

Since U is inversely proportional to r then reducing the size by 1/3 means increasing the 
magnitude of the potential energy by a factor of 3, so 

U f = 3Ui => AC/=2C/ 1 = 2(4 + V2)[--f-) =-4.82x 10" 13 J. 


42. (a) Applying Eq. 13-21 and the Pythagorean theorem leads to 


U = 


r GM 2GmM} 
2D + -^FTD 1 


where M is the mass of particle B (also that of particle Q and m is the mass of particle A. 
The value given in the problem statement (for infinitely large y, for which the second 
term above vanishes) determines M, since D is given. Thus M = 0.50 kg. 


(b) We estimate (from the graph) the y = 0 value to be U 0 
our expression above determines m. We obtain m = 1.5 kg. 


3.5 x 


10" 10 J. 


Using this, 


43. The period T and orbit radius r are related by the law of periods: J 2 = (4n?/GM)r 3 , 
where Mis the mass of Mars. The period is 7 h 39 min, which is 2.754 x IO 4 s. We solve 
forM: 

4^V 4^ 2 (9.4xl0 6 m) 3 cc 1a23i 

M= r = i j= 6.5 x IO 23 kg. 

GT (6.67 x Kr n m 3 /s 2 kg)(2.754 x 10 4 s) 


44. From Eq. 13-37, we obtain v = y/GM I r for the speed of an object in circular orbit 
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(of radius r) around a planet of mass M. In this case, M=5.98x 1(T kg and 

r = (700 + 6370)m = 7070 km = 7.07 x IO 6 m. 

The speed is found to be v = 7.51 x 10 m/s. After multiplying by 3600 s/h and dividing 
by 1000 m/km this becomes v = 2.7 x 10 4 km/h. 

(a) For a head-on collision, the relative speed of the two objects must be 2v = 5.4 x IO 4 
km/h. 

(b) A perpendicular collision is possible if one satellite is, say, orbiting above the equator 
and the other is following a longitudinal line. In this case, the relative speed is given by 

the Pythagorean theorem: Vv 2 +v 2 = 3.8 x 10 4 km/h. 


45. Let N be the number of stars in the galaxy, M be the mass of the Sun, and r be the 
radius of the galaxy. The total mass in the galaxy is N M and the magnitude of the 

2 2 

gravitational force acting on the Sun is F = GNM Ir . The force points toward the 
galactic center. The magnitude of the Sun's acceleration is a = v 2 /R, where v is its speed. 
If T is the period of the Sun's motion around the galactic center then v = 2kR/T and a = 
4n 2 R/f. Newton's second law yields GNM 2 IR 2 = 4n 2 MR/f. The solution for Nis 

N 4 * 2R ' 


GT 2 M 

The period is 2.5 x IO 8 y, which is 7.88 x IO 15 s, so 

N = 4^(2.2xl0 2 °m) 3 = 5 1xl0 10 

(6.67 x IO" 11 m 3 /s 2 -kg) (7.88 x IO 15 s) 2 (2.0 x IO 30 kg) 


46. Kepler's law of periods, expressed as a ratio, is 


y a E J 


M 

T 


(1.52) 3 


where we have substituted the mean-distance (from Sun) ratio for the semi-major axis 
ratio. This yields T M = 1.87 y. The value in Appendix C (1.88 y) is quite close, and the 
small apparent discrepancy is not significant, since a more precise value for the semi- 
major axis ratio is cim/cie = 1.523 which does lead to T M = 1.88 y using Kepler's law. A 
question can be raised regarding the use of a ratio of mean distances for the ratio of semi- 
major axes, but this requires a more lengthy discussion of what is meant by a "mean 
distance" than is appropriate here. 


47. (a) The greatest distance between the satellite and Earth's center (the apogee distance) 
and the least distance (perigee distance) are, respectively, 

R a = (6.37 x IO 6 m + 360 x IO 3 m) = 6.73 x IO 6 m 
R p = (6.37 x IO 6 m + 180 x IO 3 m) = 6.55 x IO 6 m. 

Here 6.37 x IO 6 m is the radius of Earth. From Fig. 13-13, we see that the semi-major 
axis is 

K+R P 6.73xl0 6 m + 6.55xl0 6 m in6 
a = = = 6.64 x 10 m. 


(b) The apogee and perigee distances are related to the eccentricity e by R a = a{\ + é) and 
R p = a{\ - e). Add to obtain R a + R p = 2a and a = (R a + R P )I2. Subtract to obtain R a - R p 
= 2ae. Thus, 


48. Kepler's law of periods, expressed as a ratio, is 


\JmJ 


í rr \ 


\JmJ 


1 lunar month 


which yields T s = 0.35 lunar month for the period of the satellite. 


49. (a) If r is the radius of the orbit then the magnitude of the gravitational force acting on 
the satellite is given by GMm/r 2 , where M is the mass of Earth and m is the mass of the 
satellite. The magnitude of the acceleration of the satellite is given by v 2 /r, where v is its 


speed. Newton's second law yields GMm/r L = mv 2 /r. Since the radius of Earth is 6.37 x 
10 6 mt 
for v is 


IO 6 m the orbit radius is r = (6.37 x IO 6 m + 160 x IO 3 m) = 6.53 x IO 6 m. The solution 


v = m = <^7 x 10- m^WSx^kg) = 
V r \ 6.53 X 10 6 m 

(b) Since the circumference of the circular orbit is 2nr, the period is 

r = 2 g= 2X6.53 x 10* m)=tf 
v 7.82 x IO 3 m/s 


This is equivalent to 87.5 min. 


50. (a) The distance from the center of an ellipse to a focus is ae where a is the semimajor 
axis and e is the eccentricity. Thus, the separation of the foci (in the case of Earth's orbit) 
is 

2ae = 2(1.50 x 10 11 m) (0.0167) = 5.01 x IO 9 m. 
(b) To express this in terms of solar radii (see Appendix C), we set up a ratio: 

= 7.20. 


5.01X10 9 m 


6.96X 10 5 m 


51. (a) The period of the comet is 1420 years (and one month), which we convert to T = 
4.48 x 10 10 s. Since the mass of the Sun is 1.99 x 10 30 kg, then Kepler's law of periods 
gives 

A7t 2 


(4.48xl0 10 s) 2 


(6.67x1 0" 11 m 3 /kg-s 2 )(1.99 x 10 jU kg) 
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a = 1.89X10 13 m. 


(b) Since the distance from the focus (of an ellipse) to its center is ea and the distance 
from center to the aphelion is a, then the comet is at a distance of 

ea + a = (0.11 + 1) (1.89xl0 13 m)= 2.1xl0 13 m 

when it is farthest from the Sun. To express this in terms of Pluto's orbital radius (found 
in Appendix C), we set up a ratio: 


^2.1xl0 13 ^ 
5.9 x IO 12 


R P = 3.6R P . 


52. To "hover" above Earth (M E = 5.98 x IO 24 kg) means that it has a period of 24 hours 
(86400 s). By Kepler's law of periods, 


(86400) 2 = 


K GM EJ 


r = 4.225 x IO 7 m. 


Its altitude is therefore r - R E (where R E = 6.37 x IO 6 m) which yields 3.58 x IO 7 m. 


53. (a) If we take the logarithm of Kepler's law of periods, we obtain 


2 log(r) = log (4x 2 /GM) + 3 log (a) 


log (a) = | log (T) - i log (4x 2 /GM) 


where we are ignoring an important subtlety about units (the arguments of logarithms 
cannot have units, since they are transcendental functions). Although the problem can be 
continued in this way, we prefer to set it up without units, which requires taking a ratio. If 
we divide Kepler's law (applied to the Jupiter-moon system, where M is mass of Júpiter) 
by the law applied to Earth orbiting the Sun (of mass M 0 ), we obtain 


(T/T E f 


where T E = 365.25 days is Earth's orbital period and r E = 1.50 x 10 m is its mean 
distance from the Sun. In this case, it is perfectly legitimate to take logarithms and obtain 





[m j 




log 


'_E_ 

ya ) 


2 f T ^ 
= -log 


E 


1 , (M 

+ -l0g —5 

3 M 


(written to make each term positive) which is the way we plot the data (log (r E ld) on the 
vertical axis and log (Te/T) on the horizontal axis). 



1 1.2 1.4 1.5 1 


2 2.2 2.4 

(b) When we perform a least-squares fit to the data, we obtain 

log (r E /a) = 0.666 log (T E /T) + 1.01, 
which confirais the expectation of slope = 2/3 based on the above equation. 

(c) And the 1.01 intercept corresponds to the term 1/3 log (M Q /M) which implies 

M,. 


M 


10 


3.03 


M 


1.07 x IO 3 


Plugging in M 0 = 1.99 x 10 30 kg (see Appendix C), we obtain M = 1.86 x IO 27 kg for 
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Jupiter's mass. This is reasonably consistent with the value 1.90 x 10 kg found in 
Appendix C. 


54. (a) The period is T= 27(3600) = 97200 s, and we are asked to assume that the orbit is 
circular (of radius r = 100000 m). Kepler's law of periods provides us with an 
approximation to the asteroid's mass: 


(97200) 2 


k GMj 


(100000) => M = 6.3 x IO 16 kg 


(b) Dividing the mass Mby the given volume yields an average density equal to 

p= 6.3 x 10 16 /1.41 x 10 13 = 4.4 x 10 3 kg/m 3 , 
which is about 20% less dense than Earth. 
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55. In our system, we have nt\ = wi2 = M (the mass of our Sun, 1.99 x 10 kg). With r = 
2r\ in this system (so r\ is one-half the Earth-to-Sun distance r), and v = w/T for the 
speed, we have 


Gm x m 2 


\27l l r 


2„3 


= m. 


r/2 


GM 


11 7 

With r = 1.5 x 10 m, we obtain T = 2.2 x 10 s. We can express this in terms of Earth- 
years, by setting up a ratio: 


í j \ 

víyy 


(ly) 


2.2 x IO 7 s 
3.156xl0 7 s 


(1 y) = 0.71 y. 


56. The two stars are in circular orbits, not about each other, but about the two-star 
system's center of mass (denoted as O), which lies along the line connecting the centers 
of the two stars. The gravitational force between the stars provides the centripetal force 
necessary to keep their orbits circular. Thus, for the visible, Newton' s second law gives 

Gm x m 2 m x v 2 


: 

r r x 

where r is the distance between the centers of the stars. To find the relation between r 
and r x , we locate the center of mass relative to m x . Using Equation 9-1, we obtain 

m,(0) + m 2 r m 2 r m,+m 2 

r x = = => r — r x . 

m i +m 2 m x + m 2 m 2 

On the other hand, since the orbital speed of m, is v = 2ftr x I T , then r x =vT I 2ti and the 
expression for r can be rewritten as 

m x + m 2 vT 


r 


Substituting r and r x into the force equation, we obtain 

47V 2 Gm x m 3 2 2nmy 


F = 


(m x +m 2 ) 2 v 2 T 2 


or 


m\ v 3 T _ (2.7X10 5 m/s) 3 (1.70 days)(86400 s/day) _ , nn . ft30 


v 3 T _ (2.7x1 0 5 m/s) 3 ( 
(m x +m 2 f~2ÕG ~ 2^(6.67xl0" n mVkg s 2 ) 

= 3.467M ç , 


= 6.90x10'" kg 


where M s =1.99x1 0 30 kg is the mass of the sun. With m x =6M s , we write m 2 =aM s 
and solve the following cubic equation for a : 


a 3 

-3.467 = 0 


(6 + af 


The equation has one real solution: a - 9.3 , which implies m 2 1 M s ~ 9 . 


57. From Kepler's law of periods (where T = 2.4(3600) = 8640 s), we find the planefs 
mass M: 


(8640 s) 2 = 


(8.0xl0 6 m) 3 => M = 4.06 x 10" 4 kg 
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But we also know a g = GM/R 2 = 8.0 m/s 2 so that we are able to solve for the planefs 
radius: 


R 


GM 


5.8x10° m. 


58. (a) We make use of 


m 0 


v 3 T 


(m, + m 2 ) 2 2tzG 


where m\ = 0.9Ms un is the estimated mass of the star. With v = 70 m/s and T= 1500 days 
(or 1500 x 86400 = 1.3 x 10 8 s), we find 


(0.9M Sun +m 2 ) 


2 = 1.06 x IO 23 kg 


30 27 

Since M Sun ~ 2.0 x 10 kg, we find mi ~ 7.0 x 10 kg. Dividing by the mass of Júpiter 
(see Appendix C), we obtain m ~ 1.1 mj. 

(b) Since v = 2nr\/Tis the speed of the star, we find 


vT (70m/s)(1.3xl0 8 s) , 
r, = — = — = 1.4 x 10 m 


2n 


2n 


for the star's orbital radius. If r is the distance between the star and the planet, then r 2 = r 
- r\ is the orbital radius of the planet, and is given by 


m l +m 2 


V m 2 


Dividing this by 1.5 x 10 11 m (Earth's orbital radius, r E ) gives r 2 = 2.5r E . 


2 2 

59. Each star is attracted toward each of the other two by a force of magnitude GM IL , 
along the line that joins the stars. The net force on each star has magnitude 2(GM 2 /L ) cos 
30° and is directed toward the center of the triangle. This is a centripetal force and keeps 
the stars on the same circular orbit if the ir speeds are appropriate. If R is the radius of the 
orbit, Newton's second law yields (GM 2 /L 2 ) cos 30° = Mv 1 IR. 



The stars rotate about their center of mass (marked by a circled dot on the diagram above) 
at the intersection of the perpendicular bisectors of the triangle sides, and the radius of the 
orbit is the distance from a star to the center of mass of the three-star system. We take the 
coordinate system to be as shown in the diagram, with its origin at the left-most star. The 

altitude of an equilateral triangle is (V3 12 )l , so the stars are located at x = 0, y = 0; x = 

L, y = 0; and x = L/2, y = \Í3L 1 2 . The x coordinate of the center of mass is x c = (L + 
L/2)/3 = L/2 and the y coordinate is y c = (V3Z/2 j/3 = L/2y/3 . The distance from a star 
to the center of mass is 

R = y jx 2 c + y 2 c =^[l 2 ia)+{l 2 i\2)=liS. 

Once the substitution for R is made Newton's second law becomes 
2GM 2 IL 2 ) cos 30° = V3Mv 2 / L . This can be simplified somewhat by recognizing that 

cos30° = V3/2 , and we divide the equation by M. Then, GM/L 2 = v 2 /L and 

V = y/GM/L . 


60. Although altitudes are given, it is the orbital radii which enter the equations. Thus, r A 
= (6370 + 6370) km = 12740 km, and r B = (19110 + 6370) km = 25480 km 

(a) The ratio of potential energies is 

U B _ -GmM l 'r B _r A _ 1 
U A -GmM I r A r B 2 

(b) Using Eq. 13-38, the ratio of kinetic energies is 

K B _ GmM l2r B _ r A _ 1 
K A ~ GmM 1 2r A ~ r B ~l' 

(c) From Eq. 13-40, it is clear that the satellite with the largest value of r has the smallest 
value of \E\ (since r is in the denominator). And since the values of E are negative, then 
the smallest value of \E\ corresponds to the largest energy E. Thus, satellite B has the 
largest energy. 

(d) The difference is 

1 \ r B r A ) 


Being careful to convert the r values to meters, we obtain AE =1.1x10 J. The mass M 
of Earth is found in Appendix C. 


61. (a) We use the law of periods: T 2 = (4n 2 /GM)r 3 , where Mis the mass of the Sun (1.99 
x IO 30 kg) and r is the radius of the orbit. The radius of the orbit is twice the radius of 
Earth's orbit: r = 2r e = 2(150 x IO 9 m) = 300 x IO 9 m. Thus, 


Dividing by (365 d/y) (24 h/d) (60 min/h) (60 s/min), we obtain T= 2.8 y. 

(b) The kinetic energy of any asteroid or planet in a circular orbit of radius r is given by 
K = GMmllr, where m is the mass of the asteroid or planet. We note that it is 
proportional to m and inversely proportional to r. The ratio of the kinetic energy of the 
asteroid to the kinetic energy of Earth is K/K e = (m/m e ) (rjr). We substitute m = 2.0 x 
10" 4 m e and r = 2r e to obtain K/K e = 1 .0 x IO" 4 . 


T = 



(6.67 x lO^W/s 2 kg) (1.99 x 10 30 kg) 


An 1 (300xl0 9 m) 3 


= 8.96 x IO 7 s. 


62. (a) Circular motion requires that the force in Newton's second law provide the 
necessary centripetal acceleration: 


GmM v 


= m- 


Since the left-hand side of this equation is the force given as 80 N, then we can solve for 
the combination mv 2 by multiplying both sides by r = 2.0 x IO 7 m. Thus, mv 2 = (2.0 x IO 7 
m) (80 N) = 1.6 x IO 9 J. Therefore, 

K = -mv 2 = -(l.6xl0 9 j) = 8.0xl0 8 J. 
2 2 V ; 

(b) Since the gravitational force is inversely proportional to the square of the radius, then 


F' f ^ 


F 


\r ) 


Thus, F' = (80 N) (2/3) 2 = 36 N. 


63. The energy required to raise a satellite of mass m to an altitude h (at rest) is given by 


E l - AU - GM E m 


and the energy required to put it in circular orbit once it is there is 


r 1 2 
E 2 = 2 mv ^ = 


GM E m 
2{R B + h)' 


Consequently, the energy difference is 


AE = E l - E 2 = GM E m 


1 


R E 2(R E + h) 


(a) Solving the above equation, the height /z 0 at which AE = 0 is given by 


1 


R E 2(R E + h 0 ) 


= 0 


A 0 =^ = 3.19xl0 6 m. 

0 2 


(b) For greater height h>h 0 , AE > 0 implying E X >E 2 . Thus, the energy of lifting is 
greater. 


64. (a) From Eq. 13-40, we see that the energy of each satellite is -GM E ml2r. The total 
energy of the two satellites is twice that result: 

„ „ GM E m (6.67XKT 11 m 3 /kg s 2 )(5.98xl0 24 kg)(125 kg) 

b — & A — — 7 

A B r 7.87X10 6 m 

= -6.33xl0 9 J. 

(b) We note that the speed of the wreckage will be zero (immediately after the collision), 
so it has no kinetic energy at that moment. Replacing m with 2m in the potential energy 
expression, we therefore find the total energy of the wreckage at that instant is 

£ _ GM E (2m) _ (6.67x10 " m 3 /kg-s 2 )(5.98xl0 24 kg)2(125 kg) _ fi 33xl() 9 J 
2r ' ~ 2(7.87x10" m) 


(c) An object with zero speed at that distance from Earth will simply fali towards the 
Earth, its trajectory being toward the center of the planet. 


65. (a) From Kepler's law of periods, we see that T is proportional to r . 

(b) Eq. 13-38 shows that K is inversely proportional to r. 

(c) and (d) From the previous part, knowing that K is proportional to v , we find that v is 
proportional to 1/ Vr . Thus, by Eq. 13-31, the angular momentum (which depends on the 
product rv) is proportional to rl -Jr = 4r ■ 


66. (a) The pellets will have the same speed v but opposite direction of motion, so the 
relative speed between the pellets and satellite is 2v. Replacing v with 2v in Eq. 13-38 is 
equivalent to multiplying it by a factor of 4. Thus, 


GM E m 
2r 


2(6.67 xKr n m 3 /kg-s 2 ) (5.98 x IO 24 kg)(0.0040 kg) 


(6370 + 500) x 10 m 


= 4.6xl0 5 J. 


(b) We set up the ratio of kinetic energies: 


K. 


rei _ 


4.6 x IO 5 J 


^buiiet |(0.0040kg)(950m/s) 


= 2.6xl0 2 


67. (a) The force acting on the satellite has magnitude GMm/r , where M is the mass of 
Earth, m is the mass of the satellite, and r is the radius of the orbit. The force points 
toward the center of the orbit. Since the acceleration of the satellite is v 2 /r, where v is its 

2 2 

speed, Newton's second law yields GMm/r = mv Ir and the speed is given by v = 
Ir . The radius of the orbit is the sum of Earth' s radius and the altitude of the 
satellite: r = (6.37 x IO 6 + 640 x IO 3 ) m = 7.01 x IO 6 m. Thus, 


v = 


(6.67 x 10" 11 m 3 /s 2 -kg)Í5.98 x IO 24 kg) 

= 7.54 x 10 m/s. 


\ 7.01 x IO 6 m 


(b) The period is 

T= 2nr/v = 2n(7.01 x IO 6 m)/(7.54 x IO 3 m/s) = 5.84 x IO 3 s « 97 min. 

(c) If Eç, is the initial energy then the energy after n orbits is E = Eç, - nC, where C = 1 .4 x 
10 5 J/orbit. For a circular orbit the energy and orbit radius are related by E = -GMmllr, 
so the radius after n orbits is given by r = -GMmllE. 

The initial energy is 

(6.67 x IO" 11 m 3 Is 2 kg) (5.98 x IO 24 kg)(220 kg) 

E 0 = ^ — ^ — = -6.26 x 10 J, 

2(7.01 x IO 6 m) 

the energy after 1500 orbits is 

E = E 0 -nC = -6.26 x IO 9 J - (1500 orbit) (l. 4 x IO 5 J/orbit) = -6.47 x IO 9 J, 
and the orbit radius after 1500 orbits is 


(6.67xl0" 11 m 3 /s 2 kg) (5.98 x IO 24 kg)(220kg) 
2(-6.47 x IO 9 J) 


r = — = — — = 6.78 x 10 6 m. 


The altitude is h = r - R = (6.78 x IO 6 m - 6.37 x IO 6 m) = 4.1 x IO 5 m. Here R is the 
radius of Earth. This torque is internai to the satellite -Earth system, so the angular 
momentum of that system is conserved. 

(d) The speed is 


v = 


V 


fÕM I(6.67xl0" n m 3 /s 2 kg) (5.98 x IO 24 kg) 
~r~~\ 6.78X 10 6 m 


67 x IO 3 m/s -7.7 km/s. 


(e) The period is 


_ 27tr 2^(6.78 x 10° m) ., ._ 3 „ . 

T = = — ; = 5.6 x 10 s ~ 93 min. 

v 7.67 x 10 3 m/s 


(f) Let F be the magnitude of the average force and s be the distance traveled by the 
satellite. Then, the work done by the force is W = -Fs. This is the change in energy: —Fs 
= AE. Thus, F = -AE/s. We evaluate this expression for the first orbit. For a complete 
orbit s = 2nr = 2n(7.01 x 10 6 m) = 4.40x IO 7 m, and AE = -1.4 x IO 5 J. Thus, 

F = _Ag = 1-4 x IO 5 J =32xl(| -3 N 
s 4.40xl0 7 m 

(g) The resistive force exerts a torque on the satellite, so its angular momentum is not 
conserved. 

(h) The satellite-Earth system is essentially isolated, so its momentum is very nearly 
conserved. 


68. The orbital radius is r = R E + h = 6370 km + 400 km = 6770 km = 6.77x10 m. 
(a) Using Kepler's law given in Eq. 13-34, we find the period of the ships to be 


m KtfV 4;r 2 (6.77xl0 6 m) 3 CCA , . 

T 0 =J = n \ . 53 = 5.54 X 10 3 s« 92.3 min. 

0 V GM V( 6 - 67x10 m /s -kg)(5.98xl0 24 kg) 

(b) The speed of the ships is 

2nr 2^(6.77 xl O 6 m) n ra , n3 . 2 

v n = = — i r - = 7.68xl0 3 m/s 2 . 

0 T 0 5.54X10 3 s 

(c) The new kinetic energy is 

K = -mv 2 = -m(0.99v 0 ) 2 = -(2000 kg)(0.99) 2 (7.68xl0 3 m/s) 2 = 5.78xl0 10 J. 


(d) Immediately after the burst, the potential energy is the same as it was before the burst. 
Therefore, 


U = - 


GMm _ (6.67xl0" 11 m 3 /s 2 kg)(5.98xl0 24 kg)(2000kg) _ n 

— : — —1.18X10 J. 


6.77 x IO 6 m 


(e) In the new elliptical orbit, the total energy is 

£ = ^ + í7 = 5.78xl0 10 J + (-l. 18x10" J) = -6.02xl0 10 J. 

(f) For elliptical orbit, the total energy can be written as (see Eq. 13-42) E = -GMmlla , 
where a is the semi-major axis. Thus, 

GMm (6.67xl0" 11 m 3 /s 2 -kg)(5.98xl0 24 kg)(2000kg) r „ in6 

a = = — = 6.63x10 m. 

2E 2(-6.02xl0 10 J) 

(g) To find the period, we use Eq. 13-34 but replace r with a. The result is 


T = , 


« 4^ 2 (6.63xl0 í> m) 3 c ^ n , n3 on c . 

= n \ , Ta = 5.37 x IO 3 s« 89.5 min. 

GM \ (6.67 x 10- n m 3 /s 2 - kg) (5.98 x 10 24 kg) 


(h) The orbital period T for Picard's elliptical orbit is shorter than Igor's by 


A7 = T 0 -T = 5540 s -5370 s = 170 s. 


Thus, Picard will arrive back at point P ahead of Igor by 170 s - 90 s = 80 s. 


2 

69. We define the "effective gravity" in his environment as g e ff = 220/60 = 3.67 m/s . 
Thus, using equations from Chapter 2 (and selecting downwards as the positive 
direction), we find the "fall-time" to be 


1 2 2(2.1 m) , , 


70. We estimate the planet to have radius r = 10 m. To estimate the mass m of the planet, 
we require its density equal that of Earth (and use the fact that the volume of a sphere is 
47tr 3 /3): 


m 


( „ A 


47ir J /3 4ti^/3 


m=M t 


y R Ej 


which yields (with M E ~ 6 x IO 24 kg and R E ~ 6.4 x IO 6 m)m = 2.3 x IO 7 kg. 

(a) With the above assumptions, the acceleration due to gravity is 

Gm (6.7x10-" m 3 /s 2 -kg)Í2.3xl0 7 kg) . . 

a =^ = ± ^ ^ = 1.5xl0- 5 m/s 2 =2xl0- 5 m/s 2 

g r 2 (10 m) 2 / 1 

(b) Eq. 13-28 gives the escape speed: 


jlGm 
« 0.02 m/s 


71. Using energy conservation (and Eq. 13-21) we have 

GMm _ GMm 

n r 2 

Plugging in two pairs of values (for (K\ ,r\) and (K 2 ,r 2 )) from the graph and using the 
value of G and M (for earth) given in the book, we find 

(a) m= 1.0 x IO 3 kg. 

(b) Similarly, v = {IKJm)' 1 - 1.5 x IO 3 m/s (at r = 1.945 x IO 7 m). 


72. (a) The gravitational acceleration a g is defined in Eq. 13-11. The problem is 
concerned with the difference between a g evaluated at r = 50i?h and a g evaluated at r = 
50i?h + h (where h is the estimate of your height). Assuming h is much smaller than 50i?h 
then we can approximate h as the dr which is present when we consider the differential of 
Eq. 13-11: 

2GM , 2GM , 2GM , 

\da g \=-^dr - = 50 i (2GM/c 2f h . 

If we approximate \da g \ = 10 m/s and h ~ 1.5 m, we can solve this for M. Giving our 
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results in terms of the Sun's mass means dividing our result for Mby 2 x 10 kg. Thus, 
admitting some tolerance into our estimate of h we find the "criticai" black hole mass 
should in the range of 105 to 125 solar masses. 

(b) Interestingly, this turns out to be lower limit (which will surprise many students) since 
the above expression shows \da g \ is inversely proportional to M. It should perhaps be 
emphasized that a distance of 50i?h from a small black hole is much smaller than a 
distance of 50i?h from a large black hole. 


73. The magnitudes of the individual forces (acting on mc, exerted by ma and mb 
respectively) are 


F, c =^ = 2.7xlO- 8 N and F BC = = 3.6 x IO" 8 N 


'AC 


'BC 


where r AC = 0.20 m and r BC = 0.15 m. With r AB = 0.25 m, the angle F^makes with the x 
axis can be obtained as 


0 A = K + COS 


-1 


í 2 , 2 _ 2 ^ 
r AC + r AB r BC 

^ r AC r AB 


=;r+cos 1 (0.80) = 217°. 


Similarly, the angle F B makes with the x axis can be obtained as 


0 B - - cos 


f 2 2 _ 2 ^ 
V '^■ r AB r BC ) 


= - cos" 1 (0.60) = -53°. 


The net force acting on mc then becomes 


F C = F AC ( C0S 0 A í + SÍI1 ^ J) + F BC ( C0S í + SÍI1 0 B J) 

= (F, c cos 9 A + F BC cos 0 B )i + (F AC sin 0, + F BC sin 6> B )j 
= (-4.4xl0~ 8 N)j 


74. The key point here is that angular momentum is conserved: 

IpCOp = I a Q) a 

which leads to co p = (r a lr p fco a , but r p = 2a - r a where a is determined by Eq. 13-34 
(particularly, see the paragraph after that equation in the textbook). Therefore, 


75. (a) Using Kepler's law of periods, we obtain 


T = 


yGMj 


r 3 =2.15xl0 4 s 


(b) The speed is constant (before she fires the thrusters), so v 0 = 2%r/T= 1.23 x 10 m/s. 

(c) A two percent reduction in the previous value gives v = 0.98v o = 1.20 x IO 4 m/s. 

(d) The kinetic energy is K= l Ámv 2 = 2.17 x 10 11 J. 

(e) The potential energy is U= -GmM/r = -4.53 x 10 11 J. 

(f) Adding these two results gives £ = £:+£/ = -2. 35xlO n J. 

(g) Using Eq. 13-42, we find the semi-major axis to be 

-GMm 


a 


2E 


= 4.04xl0 7 m 


(h) Using Kepler's law of periods for elliptical orbits (using a instead of r) we find the 
new period is 


T' = 


K GMj 


a 3 =2.03xl0 4 s 


■5 

This is smaller than our result for part (a) by T— T = 1.22 x 10 s. 
(i) Elliptical orbit has a smaller period. 


76. (a) With M = 2.0xl0 3U kg and r = 10000 m, we find 


a !: = GM =\3x 0 m 


(b) Although a close answer may be gotten by using the constant acceleration equations 
of Chapter 2, we show the more general approach (using energy conservation): 

K 0 + U 0 = K + U 

where K o = 0,K= Yrniv" and (7 given by Eq. 13-21. Thus, with r Q = 10001 m, we find 


v= 2GM 


= 1.6xl0 6 m/s 


77. We note that ta (the distance from the origin to sphere A, which is the same as the 
separation between A and E) is 0.5, rc = 0.8, and r D = 0.4 (with SI units understood). The 

force F k that the k th sphere exerts on ms has magnitude Gm k m B I r k 2 and is directed from 

the origin towards so that it is conveniently written as 


Gm k m B 


■ ^i+^j 


Gm k m L 


Consequently, the vector addition (where k equals A,B and D) to obtain the net force on 
Mb becomes 


= (3.7xlO- 5 N)j. 


^„et=Z^ = Gm * Z" 


f 

f 

1 



( 




- m k x k A 

i + 

1 

- m k y k ^ 

j 

V 

V 1 

- 1 r 3 

r k j 


V * 

r k j 

J 


78. (a) We note that rc (the distance from the origin to sphere C, which is the same as the 
separation between C and E) is 0.8, r D = 0.4, and the separation between spheres C and D 
is tcd = 1 .2 (with SI units understood). The total potential energy is therefore 

GM B M C GM B M D GM C M D _ ; 

r C r D r CD 

using the mass-values given in the previous problem. 

(b) Since any gravitational potential energy term (of the sort considered in this chapter) is 
necessarily negative {-GmM/r where ali variables are positive) then having another mass 
to include in the computation can only lower the result (that is, make the result more 
negative). 

(c) The observation in the previous part implies that the work I do in removing sphere A 
(to obtain the case considered in part (a)) must lead to an increase in the system energy; 
thus, I do positive work. 


(d) To put sphere A back in, I do negative work, since I am causing the system energy to 
become more negative. 


79. We use F = Gm s m m /r , where m s is the mass of the satellite, m m is the mass of the 
meteor, and r is the distance between their centers. The distance between centers is r = R 
+ d = 15m + 3m = 18 m. Here R is the radius of the satellite and d is the distance from 
its surface to the center of the meteor. Thus, 

(6.67xKr n N m 2 /kg 2 )(20kg)(7.0kg) 

F = ± — ^ = 2.9xl(T n N. 

(I8m) 2 


80. (a) Since the volume of a sphere is 4nR 13, the density is 


M total _ 3M tota , 


±xR 3 4nR 3 

When we test for gravitational acceleration (caused by the sphere, or by parts of it) at 
radius r (measured from the center of the sphere), the mass M which is at radius less than 

2 3 

r is what contributes to the reading (GM/r ). Since M = p(4nr 13) for r < R then we can 
write this result as 


3M, 


total 


AnR' 


GM M r 
R 3 


when we are considering points on or inside the sphere. Thus, the value a g referred to in 
the problem is the case where r = R: 

GM 


- total 


and we solve for the case where the acceleration equals a g /3: 

R 


GM M _ GM M r 


3R 2 


R 3 


=> r = 


(b) Now we treat the case of an externai test point. For points with r > R the acceleration 
is GM to t a i/r 2 , so the requirement that it equal a g l3 leads to 


G^total _ G^total 

3R 2 r 2 


= Sr. 


81. Energy conservation for this situation may be expressed as follows: 


T . TT Tjr TT 1 2 GmM 1 2 GmM 

K l +U X =K 2 +U 2 => -mvj = -mv 2 

"2 n 2 r 2 

where M = 5.98 x IO 24 kg, n = R = 6.37 x IO 6 m and vi = 10000 m/s. Setting v 2 = 0 to 
find the maximum of its trajectory, we solve the above equation (noting that m cancels in 
the process) and obtain r 2 = 3.2 x IO 7 m. This implies that its altitude is r 2 - R = 2.5 x IO 7 
m. 


82. (a) Because it is moving in a circular orbit, F/m must equal the centripetal 
acceleration: 

80 N v 2 


50 kg r 

But v = Inr/T, where T = 21600 s, so we are led to 


i « / 2 An2 
1.6 m/s = — —r 


which yields r= 1.9 x IO 7 m. 

(b) From the above calculation, we infer v 2 = (1.6 m/s 2 )r which leads to v 2 = 3.0 x IO 7 
m 2 /s 2 . Thus, A" = Vitnv 2 = 7.6 x IO 8 J. 

(c) As discussed in § 13-4, F/m also tells us the gravitational acceleration: 

a„ =1.6 m/s 2 = 


GM 


r 2 


We therefore find M= 8.6 x IO 24 kg. 


83. (a) We write the centripetal acceleration (which is the same for each, since they have 
identical mass) as roí where &>is the unknown angular speed. Thus, 


G(M)(M) GM 2 2 


(2rf 


Ar 2 


= Mrco 


which gives co = Y 2 ^MGIr i = 2.2x1 (Trad/s. 

(b) To barely escape means to have total energy equal to zero (see discussion prior to Eq. 
13-28). If m is the mass of the meteoroid, then 


1 2 GmM GmM n 4GM on 1a4 . 
-mv 2 = 0 => v= =8.9x10 4 m/s 

2 r r V r 


84. See Appendix C. We note that, since v = 2nr/T, the centripetal acceleration may be 
written as a = Ai^r/T 2 . To express the result in terms of g, we divide by 9.8 m/s 2 . 


(a) The acceleration associated with Earth's spin (T= 24 h = 86400 s) is 

4^- 2 (6.37xl0 6 m) . . 1A _ 3 

a = g ; f- = 3.4x10 *g . 

(86400s) 2 (9.8m/s 2 ) 

(b) The acceleration associated with Earth's motion around the Sun (T = 1 y = 3.156x 
IO 7 s) is 

4^ 2 (1.5xlO n m) . 

a = g y — 7 — = í— 5- = 6.1x10 g 

(3.156 x IO 7 s) 2 (9.8 m/s 2 ) 


(c) The acceleration associated with the Solar System's motion around the galactic center 
(T=2.5x 10 8 y = 7.9x IO 15 s) is 

4^- 2 (2.2xl0 20 m) 1A _ n 

a = g ^— — - ^- = 1.4x10 g . 

(7.9 x IO 15 s) 2 (9.8 m/s 2 ) 


85. We use m\ for the 20 kg of the sphere at (x\, y\) = (0.5, 1.0) (SI units understood), mi 
for the 40 kg of the sphere at yi) = (-1.0, -1.0), and m?, for the 60 kg of the sphere at 
(X3, y?) = (0, -0.5). The mass of the 20 kg object at the origin is simply denoted m. We 
note that r, = Vk25 , r 2 = V2 , and r 3 = 0.5 (again, with SI units understood). The force F n 
that the n th sphere exerts on m has magnitude Gm n m I and is directed from the origin 
towards m n , so that it is conveniently written as 


F„ = 


Gmjn 


x c v 1 
K K 


Gmjn 


j 


Consequently, the vector addition to obtain the net force on m becomes 

: -9.3xl0~ 9 í-3.2xl0~ 7 j 



f 3 A 


f 3 


\ 

\ 



i + 



j 



z 



V 

V »=1 r n J 


y «=1 

rl 

J 

J 


in SI units. Therefore, we find the net force magnitude is 


= 3.2xlO~ 7 N. 


86. We apply the work-energy theorem to the object in question. It starts from a point at 
the surface of the Earth with zero initial speed and arrives at the center of the Earth with 
final speed V/. The corresponding increase in its kinetic energy, Vitnvf, is equal to the 

work done on it by Earth' s gravity: dr = ^{-Kr)dr (using the notation of that Sample 
Problem referred to in the problem statement). Thus, 

-mvl = ? Fdr = Ç(-Kr)dr = —KR 2 

2 JR JR 2 

where R is the radius of Earth. Solving for the final speed, we obtain v/=R \IK I m . We 
note that the acceleration of gravity a g = g = 9.8 m/s on the surface of Earth is given by 

a g = GM/R 2 = G(4TíR 3 /3)p/R 2 , 

where p is Earth's average density. This permits us to write K/m = 47tGp/3 = g/R. 
Consequently, 


87. (a) The total energy is conserved, so there is no difference between its values at 
aphelion and perihelion. 

(b) Since the change is small, we use differentials: 


dU = 


GM E M S 

2 

V r 


dr ~ 


(6.67 x IO" 11 ) (1.99 x IO 30 ) (5.98 x IO 24 ) 
(1.5 x IO 11 )' 


(5xl0 9 ) 


which yields AC/« 1.8 x IO 32 J. A more direct subtraction of the values of the potential 
energies leads to the same result. 

(c) From the previous two parts, we see that the variation in the kinetic energy AK must 
also equal 1.8 x IO 32 J. 

(d) With AK ~ dK= mv dv, where v = ItíR/T, we have 

2ti (l.5xlO n p 


1.8 x IO 32 « (5.98xl0 24 ) 


3.156 x IO 7 


Av 


which yields a difference of Av ~ 0.99 km/s in Earth's speed (relative to the Sun) between 
aphelion and perihelion. 


88. Let the distance from Earth to the spaceship be r. R em = 3.82 x 10 m is the distance 
from Earth to the moon. Thus, 


_ GM m m _ GMjn 

m (R -rf E r 2 ' 

V em / 

where m is the mass of the spaceship. Solving for r, we obtain 

R em 3.82xl0 8 m ^ AA , nS 

r= j em = — = — = 3.44xl0 8 m. 

y]M m /M e +1 ^/(7.36xl0 22 kg)/(5.98xl0 24 kg)+l 


89. We integrate Eq. 13-1 with respect to r from 3R E to 4R E and obtain the work equal 
to -GM E m(l/(4R E ) - l/(3R E )) = GM E m/12R E . 


90. If the angular velocity were any greater, loose objects on the surface would not go 
around with the planet but would travei out into space. 


(a) The magnitude of the gravitational force exerted by the planet on an object of mass m 
at its surface is given by F = GmM / R , where M is the mass of the planet and R is its 
radius. According to Newton's second law this must equal mv 2 I R, where v is the speed 
of the object. Thus, 

GM _ v 2 
R 2 R ' 

Replacing M with (4^/3) pR (where p is the density of the planet) and v with 2nR/T 
(where T is the period of revolution), we find 

3 T 2 

We solve for T and obtain 



(b) The density is 3.0 x IO 3 kg/m . We evaluate the equation for T: 


91. (a) It is possible to use v 2 =v 2 a + 2a Ajas we did for free-fall problems in Chapter 2 
because the acceleration can be considered approximately constant over this interval. 
However, our approach will not assume constant acceleration; we use energy 
conservation: 


1 

-mv; -- 
2 0 


GMm 1 


GMm 


-=—mv —- 
2 


=> v = 


2GM(r 0 -r) 


r Q r 


which yields v = 1.4 x 10 m/s. 

(b) We estimate the height of the apple to be h = 7 cm = 0.07 m. We may find the answer 
by evaluating Eq. 13-11 at the surface (radius r in part (a)) and at radius r + h, being 
careful not to round off, and then taking the difference of the two values, or we may take 
the differential of that equation — setting dr equal to h. We illustrate the latter procedure: 


2^A = 3xlO'ni/s 2 . 


92. (a) The gravitational force exerted on the baby (denoted with subscript b) by the 
obstetrician (denoted with subscript o) is given by 


(lm) 2 


(b) The maximum (minimum) forces exerted by Júpiter on the baby occur when it is 
separated from the Earth by the shortest (longest) distance r min (r max ), respectively. Thus 


Fr= fG^K = (6.67xlO-N.m 2 /kg 2 )(2xl0 27 kg)(3kg) _ i ^ o _ 6N 
""' : ,! (6xlO n m) 2 


(c) And we obtain 


pmm= ÍG^ _ (6.67xlO-N.m 2 /kg 2 )(2xl0 27 kg)(3kg) _ 5 ^ o _ 7N 


bJ a I 2 


max 


(9xlO n m) 


(d) No. The gravitational force exerted by Júpiter on the baby is greater than that by the 
obstetrician by a factor of up to 1 x IO" 6 N/l x IO" 8 N = 100. 


93. The magnitude of the net gravitational force on one of the smaller stars (of mass m) is 


GMm Gmm Gm r 
— — + 


(2rY 


m 


M + 

v 4 y 


This supplies the centripetal force needed for the motion of the star: 

2pr 


Gm ( , , m ^ 
M + — 


v 


j 


= m — where v = 
r T 


Plugging in for speed v, we arrive at an equation for period T: 


94. (a) We note that height = R- R Ea «h where i? E arth = 6.37 x 10 m. With M= 5.98 x 10 
kg, R 0 = 6.57 x IO 6 m and R = 7.37 x IO 6 m, we have 

K i+ U l =K + U^ 1 -m(3J0xl0y-^ = K-^, 

2 Ro R 

whichyields^= 3.83 x 10 7 J. 

(b) Again, we use energy conservation. 

TT „ TT 1 , „ 3n2 Gffl¥ GfflM 
ã:,. + t/, = JT, + £/, => -m (3.70 x 10 ) = 0 

f f 2 R 0 Rf 


Therefore, we find R/= 7.40 x IO 6 m. This corresponds to a distance of 1034.9 km ~ 1.03 
x 10 3 km above the Earth's surface. 


95. Energy conservation for this situation may be expressed as follows: 

„ tt Ty t t 1 2 GmM 1 2 GmM 

K l +U l =K 2 +U 2 =í> — mv, = — mv 2 

2 r x 2 r 2 

where M = 7.0 x IO 24 kg, r 2 = R = 1.6 X IO 6 m and r x = °o (which means that t/i = 0). We 
are told to assume the meteor starts at rest, so vi = 0. Thus, K\ + U\ = 0 and the above 
equation is rewritten as 


1 2 GmM 2GM 
— mv 2 => v,=. 

2 2 r 2 1 \ R 


= 2.4xl0 4 m/s 


96. The initial distance from each fixed sphere to the bali is ro = °°, which implies the 
initial gravitational potential energy is zero. The distance from each fixed sphere to the 
bali when it is at x = 0.30 m is r = 0.50 m, by the Pythagorean theorem. 


(a) With M = 20 kg and m = 10 kg, energy conservation leads to 

GmM 

K : +U; =K+U => 0 + 0 = 


which yields K= 2GmM/r = 5.3 x 10"" J. 

(b) Since the j-component of each force will cancel, the net force points in the -x 
direction, with a magnitude 2F X = 2 (GmM/r ) cos 6 , where 0 = tan (4/3) = 53°. Thus, 
the result is F net = (-6.4xl0~ 8 N)í. 


97. The kinetic energy in its circular orbit \%~^mv where v = InrIT. Using the values 
stated in the problem and using Eq. 13-41, we directly findii = -1.87 * IO 9 J. 


98. (a) From Ch. 2, we have v 2 =v^+ 2aÁx , where a may be interpreted as an average 
acceleration in cases where the acceleration is not uniform. With v 0 = 0, v = 1 1000 m/s 

5 2 

and Ax = 220 m, we find a = 2.75 x 10 J m/s". Therefore, 


a - 


r 2.15x\ O 5 m/s 2A 


g = 2.8xl0 4 g. 


9.8 m/s 2 

(b) The acceleration is certainly deadly enough to kill the passengers. 

(c) Again using v 2 = v 2 + 2aAx , we find 


(7000 m/s) 2 
2(3500 m) 


a = v °' = 7000 m/s 2 = 714g 


(d) Energy conservation gives the craffs speed v (in the absence of friction and other 
dissipative effects) at altitude h = 700 km after being launched from R = 6.37 x IO 6 m 
(the surface of Earth) with speed v 0 = 7000 m/s. That altitude corresponds to a distance 
from Earth's center ofr = R + h = 7.07 x IO 6 m. 

1 2 GMm 1 2 GMm 
—mvç, = — mv . 

2 0 R 2 r 

With M= 5.98 x IO 24 kg (the mass of Earth) we find v = 6.05 x IO 3 m/s. But to orbit at 
that radius requires (by Eq. 13-37) 


4GMIr =7.51 x 10 3 m/s. 


3 1 

The difference between these is V — v = 1.46 x 10 J m/s =1.5xlO J m/s , which 
presumably is accounted for by the action of the rocket engine. 


I — 2 T 

99. (a) Ali points on the ring are the same distance (r =yjx + R ) from the particle, so 
the gravitational potential energy is simply U= -GMmAjx 2 + R 2 , from Eq. 13-21. The 
corresponding force (by symmetry) is expected to be along the x axis, so we take a 
(negative) derivative of U (with respect to x) to obtain it (see Eq. 8-20). The result for the 
magnitude of the force is GMmx(x + R ) 

(b) Using our expression for U, then the magnitude of the loss in potential energy as the 

particle falis to the center is GMm{\IR -1/^/x 2 + R 2 ). This must "turn into" kinetic 
1 2 

energy (tíwv ), so we solve for the speed and obtain 


v = [2GM(R~ l - (R 2 + x 2 T í/2 )] 


100. Consider that we are examining the forces on the mass in the lower left-hand corner 
of the square. Note that the mass in the upper right-hand corner is 20\fl = 28 cm = 0.28 
m away. Now, the nearest masses each pull with a force of GmM I r 2 = 3.8 x 10" N, one 
upward and the other rightward. The net force caused by these two forces is (3.8 x IO -9 , 
3.8 x 10~ 9 ) — > (5.3 x 10~ 9 Z 45°), where the rectangular components are shown first — 
and then the polar components (magnitude-angle notation). Now, the mass in the upper 
right-hand corner also pulls at 45°, so its force-magnitude (1.9 x 10~ 9 ) will simply add to 
the magnitude just calculated. Thus, the final result is 7.2 x 10~ 9 N. 


101. (a) Their initial potential energy is -Gm /Ri and they started from rest, so energy 
conservation leads to 

/"f 2 /"f 2 /"» 2 

Gm _ Gm _ Gm 

~~R~ " total ~ÕJr~ ^ total " ~R~ ' 

(b) They have equal mass, and this is being viewed in the center-of-mass frame, so their 
speeds are identical and their kinetic energies are the same. Thus, 

a-='a- = ( 


2 ' total 2R. 


(c) With K = Vi mv 2 , we solve the above equation and find v = yjGm I R t 


(d) Their relative speed is 2v = 2 ^Gm I R i . This is the (instantaneous) rate at which the 
gap between them is closing. 

(e) The premise of this part is that we assume we are not moving (that is, that body A 
acquires no kinetic energy in the process). Thus, Ã~ to tai = K B and the logic of part (a) leads 
to K B = Gm 2 /Ri. 


(f) And y 2 mv\ = K B yields v B = yJlGm I R t . 

(g) The answer to part (f) is incorrect, due to having ignored the accelerated motion of 
"our" frame (that of body A). Our computations were therefore carried out in a 
noninertial frame of reference, for which the energy equations of Chapter 8 are not 
directly applicable. 


102. Gravitational acceleration is defined in Eq. 13-11 (which we are treating as a 
positive quantity). The problem, then, is asking for the magnitude difference of a g ne t 
when the contributions from the Moon and the Sun are in the same direction (a g net = a g s un 
+ flgMoon) as opposed to when they are in opposite directions (a g ne t = «gs un - %Moon). The 
difference (in absolute value) is clearly 2a gM oon- In specifically wanting the percentage 
change, the problem is requesting us to divide this difference by the average of the two a g 
net values being considered (that average is easily seen to be equal to %sun), and finally 
multiply by 100% in order to quote the result in the right format. Thus, 

2a g Moon JM M qo^ \ ( rSuntoEearthV ^ f7.36 X 1Q 2 ^ (\.50 X 1Q 1 K ~ 


%sun 2 l Ms u J lr M oontoEaJ 2 U-99 x 1Q 3 °J U.82 x 1Q 8 1 =: 0 ' 01 1 ^ L1% 


103. (a) Kepler's law of periods is 


T 2 = 


K GMj 


With M = 6.0 x 10 30 kg and T= 300(86400) = 2.6 x IO 7 s, we obtain r = 1.9 x 10 11 m. 
(b) That its orbit is circular suggests that its speed is constant, so 

2nr 


v = 


= 4.6xl0 4 m/s 


104. Using Eq. 13-21, the potential energy of the dust particle is 

U = -GmM E IR - GmMJr = -Gm(M E /R + MJr) . 


1 . The pressure increase is the applied force divided by the area: Ap = FIA = Flnr , where 
r is the radius of the piston. Thus 

Ap = (42 N)/7t(0.011 m) 2 = 1.1 x IO 5 Pa. 

This is equivalent to 1 . 1 atm. 


2. We note that the container is cylindrical, the important aspect of this being that it has a 
uniform cross-section (as viewed from above); this allows us to relate the pressure at the 
bottom simply to the total weight of the liquids. Using the fact that 1L = 1000 cm 3 , we 
find the weight of the first liquid to be 

W l = m lg = p^g =(2.6 g/cm 3 )(0.50 L)(1000 cm 3 /L)(980 cm/s 2 ) = 1.27x1 0 6 g ■ cm/s 2 
= 12.7N. 

In the last step, we have converted grams to kilograms and centimeters to meters. 
Similarly, for the second and the third liquids, we have 

W 2 = m 2 g = p 2 V 2 g = (1.0 g/cm 3 )(0.25 L)(1000 cm 3 /L)(980 cm/s 2 ) = 2.5 N 

and 

W 3 = m 3 g = p 3 V 3 g = (0.80 g/cm 3 )(0.40 L)(1000 cm 3 /L)(980 cm/s 2 ) = 3.1 N. 
The total force on the bottom of the container is therefore F= W\ + W2 + Wt, = 18 N. 


3. The air inside pushes outward with a force given by piA, where p { is the pressure inside 
the room and A is the area of the window. Similarly, the air on the outside pushes inward 
with a force given by poA, where p a is the pressure outside. The magnitude of the net 
force is F= (/?, -p 0 )A. Since 1 atm = 1.013 x IO 5 Pa, 


F = (1.0 atm-0.96 atm)(1.013xl0 5 Pa/atm)(3.4 m)(2.1 m) = 2.9 x IO 4 N. 


4. Knowing the standard air pressure value in several units allows us to set up a variety of 
conversion factors: 


(a) /> = (28 1b/in. 2 ) 

(b) (120mmHg) 


l.OlxlO 5 Pa 
v 14.7 lb/in 2 , 


= 190 kPa 


1.01xl0 5 Pa 
760 mmHg 


15.9 kPa, (80 mmHg) 


l.OlxlO 5 Pa 
760 mmHg 


10.6 kPa. 


5. Let the volume of the expanded air sacs be V a and that of the fish with its air sacs 
collapsed be V. Then 

A- lsh =-^ = 1.08 g/cm 3 and p w = y^- = 1.00 g/cm 3 

where p w is the density of the water. This implies 

Pb*V=MV+ V a ) or (V+ V a )/V= 1.08/1.00, 
which gives V a /(V+ V a ) = 0.074 = 7.4%. 


6. The magnitude F of the force required to pull the lid off is F = (p 0 -pi)A, where p 0 is 
the pressure outside the box, p t is the pressure inside, and A is the area of the lid. 
Recalling that IN/m 2 = 1 Pa, we obtain 


Pi = p - — = l.OxlO 5 Pa 480 ^ =3.8xl0 4 Pa. 

A 77X10" 4 m 2 


7. (a) The pressure difference results in forces applied as shown in the figure. We 
consider a team of horses pulling to the right. To pull the sphere apart, the team must 
exert a force at least as great as the horizontal component of the total force determined by 
"summing" (actually, integrating) these force vectors. 

We consider a force vector at angle 0. Its leftward component is Ap cos 0dA, where dA is 
the area element for where the force is applied. We make use of the symmetry of the 
problem and let dA be that of a ring of constant 0 on the surface. The radius of the ring is 
r = R sin 0, where R is the radius of the sphere. If the angular width of the ring is d0, in 
radians, then its width is R d0and its area is dA = 2kR sin 0d0. Thus the net horizontal 
component of the force of the air is given by 


(b) We use 1 atm = 1.01 x IO 5 Pa to show that Ap = 0.90 atm = 9.09 x 10 4 Pa. The sphere 
radius is R = 0.30 m, so 


(c) One team of horses could be used if one half of the sphere is attached to a sturdy wall. 
The force of the wall on the sphere would balance the force of the horses. 



Fh = M.030 m) 2 (9.09 x 10 4 Pa) = 2.6 x 10 4 N. 


8. We estimate the pressure difference (specifically due to hydrostatic effects) as follows: 
Ap = pgh = (1.06 x IO 3 kg/m 3 )(9.8 m/s 2 )(1.83 m) = 1.90 x IO 4 Pa. 


9. Recalling that 1 atm = 1.01 x 10 Pa, Eq. 14-8 leads to 


pgh = (1024 kg/m 3 ) (9.80 m/s 2 ) (10.9 x IO 3 m) 


( 1 atm ^ 
1.01 x IO 5 Pa 


1.08xl0 3 atm. 


10. Note that 0.05 atm equals 5065 Pa. Application of Eq. 14-7 with the notation in this 
problem leads to 

p _ 0.05 atm _ 5065 Pa 


AiquidS' Aiquidá? Aiquid.? 


Thus the difference of this quantity between fresh water (998 kg/m ) and Dead Sea water 
(1500 kg/m 3 ) is 


5065 Pa 


g 


1 1 


Aw AwJ 9.8 m/s 


5065 Pa 


1 


1 


998 kg/m 3 1500 kg/m 3 


= 0.17 m. 


1 1 . The pressure p at the depth d of the hatch cover is po + pgd, where p is the density of 
ocean water and po is atmospheric pressure. The downward force of the water on the 
hatch cover is (po + pgd)A, where A is the area of the cover. If the air in the submarine is 
at atmospheric pressure then it exerts an upward force of poA. The minimum force that 
must be applied by the crew to open the cover has magnitude 


F=(p 0 + pgd)A - Po A = pgdA = (1024 kg/m 3 )(9.8 m/s 2 )(100 m)(1.2 m)(0.60 m) 
= 7.2x 10 5 N. 


12. With A = 0.000500 m 2 and F = pA (with p given by Eq. 14-9), then we have pghA = 
9.80 N. This gives h ~ 2.0 m, which means d + h = 2.80 m. 


13. In this case, Bernoulli's equation reduces to Eq. 14-10. Thus, 

p = pg(-h) = -(1800kg/m 3 )(9.8 m/s 2 )(1.5 m) = -2.6 x IO 4 Pa . 


14. Using Eq. 14-7, we find the gauge pressure to be p gauge = pgh , where p is the 

density of the fluid médium, and h is the vertical distance to the point where the pressure 
is equal to the atmospheric pressure. 

The gauge pressure at a depth of 20 m in seawater is 

A = p swg d = (1024 kg/m 3 )(9.8 m/s 2 )(20 m) = 2.00xl0 5 Pa . 
On the other hand, the gauge pressure at an altitude of 7.6 km is 

p 2 = p w gh = (0.87 kg/m 3 )(9.8 m/s 2 )(7600 m) = 6.48xl0 4 Pa . 
Therefore, the change in pressure is 

Áp = Pl -p 2 =2.00x\0 5 Pa-6.48xl0 4 Pa = 1.4xl0 5 Pa. 


15. The hydrostatic blood pressure is the gauge pressure in the column of blood between 
feet and brain. We calculate the gauge pressure using Eq. 14-7. 

(a) The gauge pressure at the brain of the giraffe is 

= Aear, - Pgh = 250 toix - (1 .06xl0 3 kg/ m 3 )(9.8 m/s 2 )(2.0 m) = 94 torr . 

133.33 Pa 


(b) The gauge pressure at the feet of the giraffe is 

Pm = P^+Pgh = 250 torr + (1.06xl0 3 kg/m 3 )(9.8 m/s 2 )(2.0 m) = 406 torr 

133.33 Pa 

= 4.1xl0 2 torr. 


(c) The increase in the blood pressure at the brain as the giraffe lower is head to the levei 
of its feet is 


A ^ = .Pfeet - iVain = 406 Í0VV ~ 94 t0VV = 312 t0VV ~ 3-lXlQ 2 tOIT. 


16. Since the pressure (caused by liquid) at the bottom of the barrei is doubled due to the 
presence of the narrow tube, so is the hydrostatic force. The ratio is therefore equal to 2.0. 
The difference between the hydrostatic force and the weight is accounted for by the 
additional upward force exerted by water on the top of the barrei due to the increased 
pressure introduced by the water in the tube. 


17. The hydrostatic blood pressure is the gauge pressure in the column of blood between 
feet and brain. We calculate the gauge pressure using Eq. 14-7. 

(a) The gauge pressure at the heart of the Argentinos aurus is 

3 , , „ „ , 1 torr 


P^n = P^ m +Pgh = 80 torr + (1.06xl0 3 kg/m 3 )(9.8 m/s z )(2\ m-9.0 m) 

133.33 Pa 

= 1.0xl0 3 torr. 

(b) The gauge pressure at the feet of the Argentinosaurus is 

fteet = P^+Pgh' = 80 torr + (1.06x1 0 3 kg/m 3 )(9.8 m/s 2 )(21 m) 

133.33 Pa 

= 80 torr + 1 642 torr = 1 722 torr « 1 . 7 x 1 0 3 torr. 


18. At a depth h without the snorkel tube, the externai pressure on the diver is 

P = Po+Pgh 


where p 0 is the atmospheric pressure. Thus, with a snorkel tube of length h, the pressure 
difference between the internai air pressure and the water pressure against the body is 

Ap = p = Po = pgh . 

(a) If h = 0.20 m, then 

Ap = pgh = (998 kg/m 3 )(9.8 m/s 2 )(0.20 m) = 0.019 atm . 

y l.OlxlO 5 Pa 

(b) Similarly, if h = 4.0 m, then 

Ap = pgh = (998 kg/m 3 )(9.8 m/s 2 )(4.0 m) 0.39 atm . 

y l.OlxlO 5 Pa 


19. When the leveis are the same the height of the liquid is h = (h\ + hi)l2, where h\ and 
hi are the original heights. Suppose h\ is greater than /?2. The final situation can then be 
achieved by taking liquid with volume A(h\ - h) and mass pA{h\ - h), in the first vessel, 
and lowering it a distance h-h>i. The work done by the force of gravity is 

W=pA(h l -h)g(h-h 2 ). 

We substitute h = {h\ + h 2 )/2 to obtain 

W = -pgA(h l -h 2 f =-(1.30xl0 3 kg/m 3 )(9.80 m/s 2 )(4.00xl0" 4 m 2 )(1.56 m-0.854 m) 2 
= 0.635 J 


20. To find the pressure at the brain of the pilot, we note that the inward acceleration can 
be treated from the pilofs reference frame as though it is an outward gravitational 
acceleration against which the heart must push the blood. Thus, with a = 4g , we have 


3,„./_3w„„no_/.,2w~ Itorr 


P^ m = /W -P^r = 120torr-(1.06xlO J kg/m J )(4x9.8 m/s0(0.30 m) 

133 Pa 

= 120 torr - 94 torr = 26 torr. 


21. Letting p a = Pb, we find 


p c g(6.0 km + 32 km + D) + p m (y -D) = p c g(32 km) + p m y 

and obtain 

ij _ (6.0km)A _ (6-0km)(2.9g/cm 3 ) 
A» "A 3.3g/cm 3 -2.9g/cm 3 


22. (a) The force on face A of area A A due to the water pressure alone is 

F A = p A A Á =p w gh Á A A = p w g{2d)d 2 =2(l.0xl0 3 kg/m 3 )(9.8m/s 2 )(5.0m) 3 
= 2.5xl0 6 N. 

Adding the contribution from the atmospheric pressure, 


we have 


F 0 = (1.0 x IO 5 Pa)(5.0m) 2 = 2.5x 10 6 N, 


F A '=F 0 +F A =2.5xl0 6 N + 2.5x10" N = 5.0xlO b N. 


(b) The force on face B due to water pressure alone is 

F B = p.^A B = Pí0 g d 2 =^p w gd 3 = | (l.0xl0 3 kg/m 3 )(9.8m/s 2 )(5.0m) 3 


v ^ J 


= 3.1xl0 6 N. 


Adding the contribution from the atmospheric pressure, 


we obtain 


F 0 = (1.0 x IO 5 Pa)(5.0m) 2 = 2.5x 10 6 N, 


F B '= F 0 + F B = 2.5x10 N + 3.1xl0 6 N = 5.6xl0 6 N. 


23. We can integrate the pressure (which varies linearly with depth according to Eq. 14-7) 
over the area of the wall to find out the net force on it, and the result turns out fairly 
intuitive (because of that linear dependence): the force is the "average" water pressure 
multiplied by the area of the wall (or at least the part of the wall that is exposed to the 

water), where "average" pressure is taken to mean | (pressure at surface + pressure at 

bottom). Assuming the pressure at the surface can be taken to be zero (in the gauge 

pressure sense explained in section 14-4), then this means the force on the wall is ^pgh 

multiplied by the appropriate area. In this problem the area is hw (where w is the 8.00 m 

1 2 

width), so the force is ^Pgh w, and the change in force (as h is changed) is 

\pgw ( h/ - hi 2 ) = ^(998 kg/m 3 )(9.80 m/s 2 )(8.00 m)(4.00 2 - 2.00 2 )m 2 = 4.69 x IO 5 N. 


24. (a) At depth y the gauge pressure of the water is p = pgy, where p is the density of the 
water. We consider a horizontal strip of width W at depth y, with (vertical) thickness dy, 
across the dam. Its area is dA = W dy and the force it exerts on the dam is dF = p dA = 
pgyWdy. The total force of the water on the dam is 

F = |° pgyW dy = ^pgWD 2 =|(l.00xl0 3 kg/m 3 )(9.80m/s 2 )(314m)(35.0m) 2 
= 1.88xl0 9 N. 

(b) Again we consider the strip of water at depth y. Its moment arm for the torque it 
exerts about O is D - y so the torque it exerts is 

dx = dF(D -y) = pgyW(D- y)dy 

and the total torque of the water is 

T= f pgyW{D-y)dy = p g w(^D 3 ~DA= ] -pgWD 3 


J 


= -^(l.00xl0 3 kg/m 3 )(9.80m/s 2 )(314m)(35.0m) 3 = 2.20xl0 10 Nm. 

(c) We write x = rF, where r is the effective moment arm. Then, 

t ipgWD 3 D 35.0 m 


F \pgWD 1 3 


= 11.7 m. 


25. As shown in Eq. 14-9, the atmospheric pressure p 0 bearing down on the barometer's 
mercury pool is equal to the pressure pgh at the base of the mercury column: p 0 = pgh . 
Substituting the values given in the problem statement, we find the atmospheric pressure 


to be 


1 tOTT 

p = pgh = (1.3608X10 4 kg/m 3 )(9.7835 m/s 2 )(0.74035 m) = 739.26 torr. 

133.33 Pa 


26. The gauge pressure you can produce is 


(l000kg/m 3 9.8m/s 2 4.0xl0" 2 m) 

p = - pgh = -\ * A _J± U-3.9xl(T 3 atm 

1.01xl0 5 Pa/atm 

where the minus sign indicates that the pressure inside your lung is less than the outside 
pressure. 


27. (a) We use the expression for the variation of pressure with height in an 
incompressible fluid: pi= p\- pgiyi -y\)- We take y\ to be at the surface of Earth, where 
the pressure is/?i = 1.01 x IO 5 Pa, and yi to be at the top of the atmosphere, where the 
pressure is pi = 0. For this calculation, we take the density to be uniformly 1.3 kg/m . 
Then, 

Pi _ 1.01 x IO 5 Pa 
yi yx ~ pg~ (1.3 kg/m 3 ) (9.8 m/s 2 ) 


= 7.9 x 10 m =7.9 km. 


(b) Let h be the height of the atmosphere. Now, since the density varies with altitude, we 
integrate 

Pi = P\~ [ PS dy . 

Assuming p = p 0 (1 - y/h), where p 0 is the density at Earth's surface and g = 9.8 m/s for 
0 < y < h, the integral becomes 


Pi 


g 


v 


dy = p x - ^p 0 gh. 


Since p2 = 0, this implies 

, 2 Pl 2(1.01 x IO 5 Pa) 1A3 

h = — — = z —— = 16x10 m = 16 km. 

p 0 g (1.3kg/m 3 )(9.8m/s 2 ) 


28. (a) According to Pascal's principie FIA = fia — > F = (A/a)f. 
(b) We obtain 

/= « F= (^0cm£ (200xl0 3 N) = 103N . 
A (53.0 cm) 


The ratio of the squares of diameters is equivalent to the ratio of the áreas. We also note 
that the area units cancel. 


29. Eq. 14-13 combined with Eq. 5-8 and Eq. 7-21 (in absolute value) gives 

m S = kx ~f • 

With A 2 = 1 8^4 ! (and the other values given in the problem) we find m = 8.50 


30. (a) The pressure (including the contribution from the atmosphere) at a depth of h iop = 
L/2 (corresponding to the top of the block) is 

Aop=Atm+/ 7 ^top =1 - 01xl ° 5 Pa + (1030 kg/m 3 ) (9.8 m/s 2 ) (0.300 m)=1.04xl0 5 Pa 

where the unit Pa (Pascal) is equivalent to N/m . The force on the top surface (of area A 
= L 2 = 0.36 m 2 ) is 

F top = jPtop ^ = 3.75 x 10 4 N. 

(b) The pressure at a depth of Abot = 3Z/2 (that of the bottom of the block) is 

Phox=P^ + PgKox = 1-01 x IO 5 Pa + (1030 kg/m 3 ) (9.8 m/s 2 ) (0.900 m)= 1.10 x IO 5 Pa 

where we recall that the unit Pa (Pascal) is equivalent to N/m 2 . The force on the bottom 
surface is 

F bot =p bot A = 3.96 x 10 4 N. 

(c) Taking the difference Ft, ot - F top cancels the contribution from the atmosphere 
(including any numerical uncertainties associated with that value) and leads to 

" ^ = PgiK* ~ V A = PSL' = 2.18X10 3 N 

which is to be expected on the basis of Archimedes' principie. Two other forces act on 
the block: an upward tension T and a downward pull of gravity mg. To remain stationary, 
the tension must be 

T = mg - (F bot - F top ) = (450 kg)(9.80 m/s 2 ) - 2.18xl0 3 N = 2.23xl0 3 N. 

(d) This has already been noted in the previous part: F b = 2.18xl0 3 N , and T + F h = mg. 


31. (a) The anchor is completely submerged in water of density p w . Its effective weight is 
W e ff= W - p w gV, where Wis its actual weight {mg). Thus, 

V = J ^^ = 1 - = 2.04X10- m». 

p w g (1000 kg/m 3 ) (9.8 m/s 2 ) 


(b) The mass of the anchor is m = pV, where p is the density of iron (found in Table 
14-1). Its weight in air is 

W = mg = pVg = (7870 kg/m 3 ) (2.04 x IO" 2 m 3 ) (9.80 m/s 2 ) = 1.57 x 10 3 N . 


32. (a) Archimedes' principie makes it clear that a body, in order to float, displaces an 
amount of the liquid which corresponds to the weight of the body. The problem 
(indirectly) tells us that the weight of the boat is W= 35.6 kN. In salt water of density 
p' = 1 100 kg/m 3 , it must displace an amount of liquid having weight equal to 35.6 kN. 

(b) The displaced volume of salt water is equal to 

r--^- P 6X 'f N ^ = 3.30 m>. 

p'g (l.lOxlO 3 kg/m 3 )(9.80 m/s 2 ) 

In freshwater, it displaces a volume of V= Wlpg = 3.63 m , where p = 1000 kg/m . The 
difference is V-V' = 0.330 m 3 . 


33. The problem intends for the children to be completely above water. The total 
downward pull of gravity on the system is 


3(356N) + Np wood gV 

where N is the (minimum) number of logs needed to keep them afioat and V is the 

2 3 

volume of each log: V = 7t(0.15 m) (1.80 m) = 0.13 m . The buoyant force is Fb = 
Pwaterg^submerged where we require F su b me rged ^ NV. The density of water is 1000 kg/m . To 
obtain the minimum value of N we set F su bmer g ed = NV and then round our "answer" for N 
up to the nearest integer: 

3Í356N) 

3{356K) + Np wood gV = p WRtei gNV => N~ 


§V ( /'water Pwooá ) 

which yields jV = 4.28 -> 5 logs. 


34. Taking "down" as the positive direction, then using Eq. 14-16 in Newton's second 
law, we have 5g - 3g = 5a (where "5" = 5.00 kg, and "3" = 3.00 kg and g = 9.8 m/s 2 ). 

2 1 2 

This gives a = j g. Then (see Eq. 2-15) -^at = 0.0784 m (in the downward direction). 


35. (a) Let Vbe the volume of the block. Then, the submerged volume is V s = 2V/3. Since 
the block is floating, the weight of the displaced water is equal to the weight of the block, 
so p w V s = Pb V, where p w is the density of water, and pt is the density of the block. We 
substitute V s = 2 V/3 to obtain 

p b = 2pJ3 = 2(1000 kg/m 3 )/3 - 6.7 xlO 2 kg/m 3 . 

(b) If p 0 is the density of the oil, then Archimedes' principie yields p 0 V s = ptV. We 
substitute V s = 0.90 F to obtain p 0 = p/JO.90 = 7.4 x 10 2 kg/m 3 . 


36. Work is the integral of the force (over distance - see Eq. 7-32), and referring to the 
equation immediately preceding Eq. 14-7, we see the work can be written as 

W=\p^gA{-y)dy 

where we are using y = 0 to refer to the water surface (and the +y direction is upward). 
Let h = 0.500 m. Then, the integral has a lower limit of-h and an upper limit of jy, with 
y f lh = - /? C yiinder /pwater = - 0.400. The integral leads to 


W=\ p watS rgAh\l - 0.4 2 ) = 4.1 1 kJ . 


37. (a) The downward force of gravity mg is balanced by the upward buoyant force of the 
liquid: mg = pg V s . Here m is the mass of the sphere, p is the density of the liquid, and V s 
is the submerged volume. Thus m = pV s . The submerged volume is half the total volume 
of the sphere, so V s = \ (47i/3) r 0 3 , where r 0 is the outer radius. Therefore, 


2n * (in 


m = — prl 


3 


(800 kg/m 3 ) (0.090 m) 3 = 1.22 kg. 


(b) The density p m of the material, assumed to be uniform, is given by p m = m/V, where m 
is the mass of the sphere and Vis its volume. If r, is the inner radius, the volume is 

V = (rl - rf) = ^ ((0.090 m) 3 - (0.080 m) 3 ) = 9.09 x IO" 4 m 3 . 


The density is 

~ 9.09 x 10" 4 m 


P m = ,l 21 ^ 3 = 1.3 x IO 3 kg/m 3 


38. If the alligator floats, by Archimedes' principie the buoyancy force is equal to the 
alligator's weight (see Eq. 14-17). Therefore, 

F h =F g = m^g = (p H20 Ah)g . 

If the mass is to increase by a small amount m — » m = m + Am , then 

F h ^^ = Pn 2 oAh + Ah)g. 

With AF h = F' h -F h = O.OlOmg , the alligator sinks by 

AF h O.Olmg 0.010(130 kg) 1A _ 3 

Ah = — = — = ^ — — r- = 6.5x10 m = 6.5 mm. 

Pn 2 oAg P Hl0 Ág (998kg/m 3 )(0.20m 2 ) 


39. Let V i be the total volume of the iceberg. The non-visible portion is below water, and 
thus the volume of this portion is equal to the volume V f of the fluid displaced by the 
iceberg. The fraction of the iceberg that is visible is 


K-V f V f 

frac = - f - = \ — f - 

V V 


Since iceberg is floating, Eq. 14-18 applies: 

F g = m i8 = m f g m, = m f . 
Since m = pV , the above equation implies 

P t V t =P f V f f = f. 

Thus, the visible fraction is 


frac = l — L = \-n_ 

V i Pr 

(a) If the iceberg (p. =917 kg/m 3 ) floats in saltwater with p f =1024 kg/m 3 , then the 
fraction would be 

frac = l-A = 1 _ 917k g /m3 3 =0 , 10 = 1 oo /o , 
p f 1024 kg/m 3 

(b) On the other hand, if the iceberg floats in fresh water (p f =1000 kg/m 3 ), then the 
fraction would be 


Pt , 917 kg/m 


3 


frac = 1-^ = 1- — - = 0.083 = 8.3% 
Pf 


1000 kg/m 3 


40. (a) An object of the same density as the surrounding liquid (in which case the 
"object" could just be a packet of the liquid itself) is not going to accelerate up or down 
(and thus won't gain any kinetic energy). Thus, the point corresponding to zero K in the 
graph must correspond to the case where the density of the object equals pn q md- 
Therefore, yCWi = 1.5 g/cm 3 (or 1500 kg/m 3 ). 

(b) Consider the /liquid = 0 point (where Xgained =1.6 J). In this case, the bali is falling 

2 » 2 

through perfect vacuum, so that v = 2gh (see Eq. 2-16) which means that K = ^mv = 1 .6 

J can be used to solve for the mass. We obtain m^w = 4.082 kg. The volume of the bali 
is then given by mbaii/Aaii = 2.72 x 10 m . 


4 1 . For our estimate of F su bmerged we interpret "almost completely submerged" to mean 

4 , 

Submerged = 3 where T o = 60 CHI . 

Thus, equilibrium of forces (on the iron sphere) leads to 


"^ironáT PwdterS ^submerged PironS 


4 3 4 3 

—7ir n ar 

3 3 


where r, is the inner radius (half the inner diameter). Plugging in our estimate for 
Submerged as well as the densities of water (1.0 g/cm ) and iron (7.87 g/cm J ), we obtain the 
inner diameter: 


2r = 2r 


1 


1.0 g/cm 
7.87 g/cm 3 


3 \ 


1/3 


= 57.3 cm. 


42. From the "kink" in the graph it is clear that d = 1 .5 cm. Also, the h = 0 point makes it 
clear that the (true) weight is 0.25 N. We now use Eq. 14-19 at h = d = 1 .5 cm to obtain 

F h = (0.25 N- 0.10N ) = 0.15 N. 

Thus, Aiquidg V= 0.15, where V= (1.5 cm)(5.67 cm 2 ) = 8.5 x IO" 6 m 3 . Thus, pi iqu id = 
1800 kg/m 3 = 1.8 g/cm 3 . 


43. The volume V cav of the cavities is the difference between the volume V cast of the 
casting as a whole and the volume V[ ma contained: V caY = V cast - V imn . The volume of the 
iron is given by V imn = W/gp 1Ton , where W is the weight of the casting and p imTí is the 
density of iron. The effective weight in water (of density p w ) is W e n = W - gp w V cast . Thus, 
F C ast = {W- W efí )lgp w and 


W-W, 


eff 


w 


6000 N - 4000 N 6000 N 


cav 


SP W 
= 0.126 m 3 . 


iron 


(9.8 m/s 2 ) (1000 kg/m 3 ) (9.8 m/s 2 )(7.87 x IO 3 kg/m 3 ) 


44. Due to the buoyant force, the bali accelerates upward (while in the water) at rate a 
given by Newton' s second law: 

Avater Vg - /?ball Vg = yCWl Vã =í> yOball = /?water ( 1 + "<*") 

where - for simplicity - we are using in that last expression an acceleration "a" measured 
in "gees" (so that "a" = 2, for example, means that a = 2(9.80 m/s 2 ) = 19.6 m/s ). In this 
problem, with yCWi = 0.300 p wa ter, we find therefore that "a" = 7/3. Using Eq. 2-16, then 
the speed of the bali as it emerges from the water is 

v = -\jlaAy , 

were a = (7/3)g and Ay = 0.600 m. This causes the bali to reach a maximum height /z max 
(measured above the water surface) given by /z max = v 2 /2g (see Eq. 2-16 again). Thus, 
Amax = (7/3)Ay = 1.40 m. 


45. (a) If the volume of the car below water is V\ then Fb = p w V\g = W C3X , which leads to 

w (I800kg)(9.8m/s 2 ) 3 

V, =— — = -, — f—, t^— = 1.80 m J . 

p w g (l000kg/m 3 )(9.8m/s 2 ) 

(b) We denote the total volume of the car as Vand that of the water in it as V 2 . Then 

F h = pJg = W^ + pJ 2 g 

which gives 

V = F-^ = Í0.750m 3 +5.00m 3 + 0.800m 3 ) 1800k g =4J5 m 3 

p w g V ' 1000kg/m 3 


46. (a) Since the lead is not displacing any water (of density p w ), the lead's volume is not 
contributing to the buoyant force F h . If the immersed volume of wood is V t , then 


F h = P w V t g = 0.900 p w V mooi g = 0.900 p w g 


'"wood 


V Pviooá J 


which, when floating, equals the weights of the wood and lead: 


F b = 0.900 p w g 


m 


wood 


V r wood / 


= («wood + ™lead)g 


Thus, 


m lead = 0.900 p w 


m wood 
V Pvmod J 


- m. 


wood 


(0.900) (1 000 kg/m 3 ) (3 .67 kg) 
600 kg/m 3 


-3.67 kg = 1.84 kg 


(b) In this case, the volume Fi ea d = «iead//?iead also contributes to F/,. Consequently, 


F h = 0.900p w g 


m 


wood 


V "wood ) 


+ 


V Aead J 


«leadS = («wood + «lead)g> 


which leads to 


«lead = 


0.900( Av /p wood )m wood -m 


wood 


1.84 kg 


lead 


1 - (1.00 x IO 3 kg/m 3 /1.13xl0 4 kg/m 3 ) 


2.01 kg. 


47. (a) When the model is suspended (in air) the reading is F g (its true weight, neglecting 
any buoyant effects caused by the air). When the model is submerged in water, the 
reading is lessened because of the buoyant force: F g - F b . We denote the difference in 
readings as Am. Thus, 

F g ~(F g -F h )=Ámg 

which leads to Fb = Amg. Since Fb = p w gV m (the weight of water displaced by the model) 
we obtain 


Am _ 0.63776kg _ t ^ Q , n _, _ , 
lK ~ 1000 kg/m 


6.378 x 10 m J 


(b) The ^ scaling factor is discussed in the problem (and for purposes of significant 
figures is treated as exact). The actual volume of the dinosaur is 


^=20^^=5.102 m J 


(c) Using p~ p w = 1000 kg/m 3 , we find 


p = -j™. => mdmo = (1000kg/m 3 ) (5.102 m 3 ) 

dino 

which yields 5.102 x 10 3 kg for the T. rex mass. 


48. Let p be the density of the cylinder (0.30 g/cm or 300 kg/m ) and pFe be the density 
of the iron (7.9 g/cm 3 or 7900 kg/m 3 ). The volume of the cylinder is 

V c = (6x12) cm 3 = 72 cm 3 = 0.000072 m 3 , 

and that of the bali is denoted Vt . The part of the cylinder that is submerged has volume 

V s = (4 x 12) cm 3 = 48 cm 3 = 0.000048 m 3 . 

Using the ideas of section 14-7, we write the equilibrium of forces as 

pgV c + pF e gV h = p w gV s + p w gV h => V h = 3.Scm 3 

where we have used p w = 998 kg/m 3 (for water, see Table 14-1). Using Vb =f nr 3 we 
find r = 9.7 mm. 


49. We use the equation of continuity. Let v\ be the speed of the water in the hose and v 2 
be its speed as it leaves one of the holes. A\ = nR 2 is the cross-sectional area of the hose. 
If there are N holes and A 2 is the area of a single hole, then the equation of continuity 
becomes 

A R 2 
v,A, = v 2 (NA, ) => v 2 = — — v, = — i-v, 
11 2V 11 NA 2 Nr 

where R is the radius of the hose and r is the radius of a hole. Noting that Rir = D/d (the 
ratio of diameters) we find 

D 2 (1.9cm) 2 . 

v 2 = ^v 1= ^ ^0.91 m/s =8.1 m/s. 

Nd 2 24Í0.13cmr 


50. We use the equation of continuity and denote the depth of the river as h. Then, 
(8.2m)(3.4m)(2.3m/s) + (6.8m)(3.2m)(2.6m/s) = Ã(l0.5m)(2.9m/s) 
which leads to h = 4.0 m. 


51. This problem involves use of continuity equation (Eq. 14-23): A í v 1 = A 2 v 2 . 


(a) Initially the flow speed is v. =1.5 m/s and the cross-sectional area is A i = HD . At 
point a, as can be seen from Fig. 14-47, the cross-sectional area is 

A a =(H-h)D-(b-h)d . 

Thus, by continuity equation, the speed at point a is 

Av. HDv i (14 m)(55 m)(1.5 m/s) 


= 2.96 m/s 


A a (H-h)D-(b-h)d (14m-0.80m)(55 m)-(12 m-0.80 m)(30 m) 
= 3.0 m/s. 

(b) Similarly, at point b, the cross-sectional area is A b = HD-bd , and therefore, by 
continuity equation, the speed at point b is 

v _4v, _ HD Vi _ (14m)(55m)(1.5m/s) _ 2 » m , z 
h A h HD-bd (14m)(55m)-(12m)(30m) 


52. The left and right sections have a total length of 60.0 m, so (with a speed of 2.50 m/s) 
it takes 60.0/2.50 = 24.0 seconds to travei through those sections. Thus it takes (88.8 - 
24.0) s = 64.8 s to travei through the middle section. This implies that the speed in the 
middle section is v m ;d = (110 m)/(64.8 s) = 0.772 m/s. Now Eq. 14-23 (plus that fact that 
A = nr 2 ) implies r m id = r A \)(2.5 m/s)/(0.772 m/s) where r A = 2.00 cm. Therefore, r m ;d = 
3.60 cm. 


53. Suppose that a mass Am of water is pumped in time At. The pump increases the 
potential energy of the water by Amgh, where h is the vertical distance through which it is 
lifted, and increases its kinetic energy by \Atnv 2 , where v is its final speed. The work it 

does is AW = Amgh + jAmv 2 and its power is 


P = 


AW Am 


í 


At At 


1 ^ 


gh + — v 
2 


Now the rate of mass flow is Am/ At = PwAv, where p w is the density of water and A is the 
area of the hose. The area of the hose is^ = nr = 7t(0.010 mf = 3.14 x 10"" m z and 

pjív = (1000 kg/m 3 ) (3.14 x 10" 4 m 2 ) (5.00 m/s) = 1.57 kg/s. 


Thus, 


1 > 


P=pAv gh + -v 2 =(1.57kg/s) 


(9.8m/s 2 )(3.0m) 


+ 


(5.0 m/s) 


2 > 


= 66W. 


J 


54. (a) The equation of continuity provides (26 +19+11) L/min = 56 L/min for the flow 
rate in the main (1.9 cm diameter) pipe. 

2 

(b) Using v = RIA anàA = nd IA, we set up ratios: 

v 56 _ 56/^(1.9) 2 /4 _ 1() 
v 26 26/^(1.3) 2 /4 


55. (a) We use the equation of continuity: A\V\ = A 2 v 2 . Here A\ is the area of the pipe at 
the top and vi is the speed of the water there; A 2 is the area of the pipe at the bottom and 
V2 is the speed of the water there. Thus 

v 2 = {A x IAi)vx = [(4.0 cm 2 )/(8.0 C m 2 )] (5.0 m/s) = 2.5m/s. 

(b) We use the Bernoulli equation: 

A + 2 P v \ + PSh = A + 1 P v l + PSK , 
where p is the density of water, h\ is its initial altitude, and h 2 is its final altitude. Thus 

Pi=Pi+^p( v i - v l) + Pg{K-h 2 ) 

= 1.5xl0 5 Pa +| (1000 kg/m 3 ) [(5.0 m/s) 2 -(2.5m/s) 2 ] +(1000kg/m 3 )(9.8m/s 2 )(10 
= 2.6xl0 5 Pa. 


56. We use Bernoulli's equation: 


Pi- Pt= PgD + ^p(v 2 , -v 2 2 ) 

where p = 1000 kg/m , D = 180 m, vi = 0.40 m/s and v 2 = 9.5 m/s. Therefore, we find Ap 
= 1.7 x IO 6 Pa, or 1.7 MPa. The SI unit for pressure is the Pascal (Pa) and is equivalent to 
N/m 2 . 


57. (a) The equation of continuity leads to 

v 2 A 2 = v,4 


V 2= V l 


( 2 A 


V r 2 J 


which gives v 2 = 3.9 m/s. 

(b) With /i = 7.6m and p\ = 1.7 X IO 5 Pa, Bernoulli's equation reduces to 

A = Pi ~Pgh + \p(vl -v 2 ) =8.8xl0 4 Pa. 


58. (a) We use Av = const. The speed of water is 

(25.0cm) 2 -(5.00cm)' 


v = ■ 


(b) Since p + jpv 2 = const., the pressure difference is 


(25.0cm) 


(2.50m/s) = 2.40 m/s 


Áp = -pÁv 2 =-(1000 kg/m 3 )r(2.50m/s) 2 -(2.40 m/s) 


59. (a) We use the Bernoulli equation: 


A + i P v l + PSk = Pi+l P v l + Pgk 


■2 ' 


where h\ is the height of the water in the tank, p\ is the pressure there, and vi is the speed 
of the water there; h 2 is the altitude of the hole, p 2 is the pressure there, and v 2 is the speed 
of the water there. p is the density of water. The pressure at the top of the tank and at the 
hole is atmospheric, so p\ = p 2 . Since the tank is large we may neglect the water speed at 
the top; it is much smaller than the speed at the hole. The Bernoulli equation then 
becomes pg\ = \ pv\ + pgh 2 and 


The fiow rate is A 2 v 2 = (6.5 x IO" 4 m 2 )(2.42 m/s) = 1.6 x IO" 3 m 3 /s. 

(b) We use the equation of continuity: A 2 v 2 = A3V3, where A l =\A 2 and v 3 is the water 
speed where the area of the stream is half its area at the hole. Thus 


The water is in free fali and we wish to know how far it has fallen when its speed is 
doubled to 4.84 m/s. Since the pressure is the same throughout the fali, 
\ Pv 2 2 + pgh 2 = \ pv] + pgh 3 . Thus 



v 3 = (A 2 /A 3 )v 2 = 2v 2 = 4.84 m/s. 



(4.84 m/s) 2 -(2.42m/s) 2 


= 0.90 m. 



60. (a) The speed v of the fluid flowing out of the hole satisfies \ pv 2 = pgh or v = 
Thus, p\V\A\ = P2V2A2, which leads to 


p l JíghA í = p 2 ^iA 2 ^L = A = 2 . 

Pi A 

(b) The ratio of volume fiow is 

i?! _ v x A x _ A x _ 1 
R 2 v 2 A 2 A 2 2 

(c) Letting R\IR 2 = 1, we obtain v 1 /v 2 = A 2 j ' A x - 2- ^jh x / h 2 Thus 

h 2 =h l /A = (12.0 cm)/4 = 3.00 cm . 


61. We rewrite the formula for work JF(when the force is constant in a direction parallel 
to the displacement d) in terms of pressure: 


W = Fd 


(F^ 


(Ad) = pV 


where V is the volume of the water being forced through, and p is to be interpreted as the 
pressure difference between the two ends of the pipe. Thus, 


W = (1.0 x IO 5 Pa) (1.4 m 3 ) = 1.4 x IO 5 J. 


62. (a) The volume of water (during 10 minutes) is 


K = (v 1 í)4=(l5m/s)(l0min)(60s/min) - (0.03m) =6.4m 3 


(b) The speed in the left section of pipe is 


\A 2 j 


d, 

\d 2 j 


= (15m/s) 


3.0 cm V 
5.0 cm 


5.4 m/s. 


(c) Since Pi+\ pv\ + pg\ = p 2 + \ pv\ + pgh 2 and h 1 =h 2 ,p l = p Q , which is the 
atmospheric pressure, 


^ 2=A +l / 9(v 1 2 -v 2 2 )=1.01xl0 5 Pa + -(l.0xl0 3 kg/m 3 )r(l5m/s) 2 -(5.4m/s) 2 


=1.99xl0 5 Pa = 1.97 atm. 


Thus, the gauge pressure is (1.97 atm - 1.00 atm) = 0.97 atm = 9.8 x 10 4 Pa. 


63. (a) The friction force is 


f = AAp = p a> gdA = (l.OxW kg/m J ) (9.8 m/s 2 ) (6.0m) - (0.040 m) = 74 N. 


(b) The speed of water fiowing out of the hole is v = -sjlgd. Thus, the volume of water 
flowing out of the pipe in t = 3.0 h is 


V = Avt = 7 ^- (0.040 m) 2 V2(9.8m/s 2 ) (6.0 m) (3.0 h) (3600 s/h) = 1.5x1 0 2 m 3 


64. (a) We note (from the graph) that the pressures are equal when the value of inverse- 
area-squared is 16 (in SI units). This is the point at which the áreas of the two pipe 
sections are equal. Thus, if Ai = lA/l6 when the pressure difference is zero, then A 2 is 
0.25 m 2 . 

(b) Using Bernoulli's equation (in the form Eq. 14-30) we find the pressure difference 
may be written in the form a straight line: mx + b where x is inverse-area-squared (the 
horizontal axis in the graph), m is the slope, and b is the intercept (seen to be -300 

kN/m 2 ). Specifically, Eq. 14-30 predicts that b should be -Jpv 2 2 . Thus, with p = 1000 
kg/m 3 we obtain v 2 = ^600 m/s. Then the volume flow rate (see Eq. 14-24) is 

R = A 2 v 2 = (0.25 m 2 )(V6ÕÕ m/s) = 6.12 m 3 /s. 

If the more accurate value (see Table 14-1) p = 998 kg/m 3 is used, then the answer is 6.13 
m 3 /s. 


65. (a) Since Sample Problem 14-8 deals with a similar situation, we use the final 
equation (labeled "Answer") from it: 


v = y]2gh =í> v = v 0 for the projectile motion. 

The stream of water emerges horizontally (do = 0 o in the notation of Chapter 4), and 
setting y - y 0 = -(H—h) in Eq. 4-22, we obtain the "time-of-flight" 

Using this in Eq. 4-21, where xo = 0 by choice of coordinate origin, we find 


x = v 0 t = Jlgh^ ^ = 2ylh(H-h) = 2-7(10 cm)(40 cm -10 cm) = 35 cm. 

(b) The result of part (a) (which, when squared, reads x 2 = 4h(H - h)) is a quadratic 
equation for h once x and H are specified. Two solutions for h are therefore 
mathematically possible, but are they both physically possible? For instance, are both 
solutions positive and less than Hl We employ the quadratic formula: 

r2 tt7 %1 n 7 H ±4^ -X 1 

h -Hh + — = 0=>/z = 

4 2 

which permits us to see that both roots are physically possible, so long asx<H. Labeling 
the larger root h\ (where the plus sign is chosen) and the smaller root as hi (where the 
minus sign is chosen), then we note that their sum is simply 

, , H + ^H 2 -x 2 H-4h 2 -x 2 tt 

h+h 7 = + = H. 

n 2 2 2 

Thus, one root is related to the other (generically labeled h' and h) by h' = H - h. Its 
numerical value is /j' = 40cm- 10 cm =30 cm. 

(c) We wish to maximize the function /= x = 4h(H- h). We differentiate with respect to 
h and set equal to zero to obtain 

^ = 4H-Sh = 0^h = — 
dh 2 

or h = (40 cm)/2 = 20 cm, as the depth from which an emerging stream of water will 
travei the maximum horizontal distance. 


66. By Eq. 14-23, we note that the speeds in the left and right sections are ^ v m id and 

v m id, respectively, where v m id = 0.500 m/s. We also note that 0.400 m of water has 
mass of 399 kg (see Table 14-1). Then Eq. 14-31 (and the equation below it) gives 


W=\m Ymià[^-f) = -2.50 J. 


67. (a) The continuity equation yields Av = aV, and Bernoulli's equation yields 
Ap + \pv 2 = \pV 2 , where Ap =p\ -p 2 . The first equation gives V= (A/a)v. We use this 

to substitute for V in the second equation, and obtain Ap + \pv 2 = \p[A/a) 2 v 2 . We 
solve for v. The result is 


v = 


2Ap _ I 2a 2 Ap 


\p{{Alaf-\) ^p{A 2 -a 2 )' 
(b) We substitute values to obtain 


2(32xl(T 4 m 2 ) 2 (55xl0 3 Pa-41xl0 3 Pa) . 

v = - T~, — — ^"T^ -^—=3.06 m/s. 

'(1000kg/m 3 )((64 x l(T 4 m 2 ) 2 -(32 x KTW) 2 ) 

Consequently, the flow rate is 


Av = (64 x 10^m 2 )(3.06 m/s) = 2.0 x l(T 2 m 3 /s. 


68. We use the result of part (a) in the previous problem. 
(a) In this case, we have ÍSp=p\ = 2.0 atm. Consequently, 


v- 2ÁP 2 - "(l.dx^-Pa) 

\ / a) 2 - 1) \ (1 000 kg/m 3 ) [(5a / a) 2 - 1] 

(b) And the equation of continuity yields V= {Ala)v = (5a/a)v = 5v = 21 m/s. 

(c) The fiow rate is given by 


Av = - (5.0 x 10~ 4 m 2 ) (4.1 m/s) = 8.0 x 10" 3 m 3 /s. 
4 


69. (a) This is similar to the situation treated in Sample Problem 14-7, and we refer to 
some of its steps (and notation). Combining Eq. 14-35 and Eq. 14-36 in a manner very 
similar to that shown in the textbook, we find 


for the flow rate expressed in terms of the pressure difference and the cross-sectional 
áreas. Note that this reduces to Eq. 14-38 for the case A2 = A\I2 treated in the Sample 
Problem. Note that Ap = p x - p 2 = -7.2 x IO 3 Pa and A\ - A\ = -8.66x10 3 m 4 , so that 
the square root is well defined. Therefore, we obtaini? = 0.0776 m 3 /s. 

(b) The mass rate of flow is pR = 69.8 kg/s. 



70. (a) Bernoulli's equation gives p A = p B +\p^ r v 2 But Ap = p A - p B = pgh in order to 
balance the pressure in the two arms of the U-tube. Thus pgh = \ p ãjr v 2 , or 


v = 


2 pgh 


(b) The plane's speed relative to the air is 


f2^h 2Í810kg/m 3 )(9.8m/s 2 )(0.260m) 

v= M- á - = J— = =63.3m/s. 

1.03 kg/m 3 


71. We use the formula for v obtained in the previous problem: 


Va„ Vo.031kg/m J 


72. We use Bernoulli's equation p x + \ pv\ + pgh x = p 2 + \ pv\ + pgh 2 


When the water levei rises to height A 2 , just on the verge of flooding, v 2 , the speed of 
water in pipe M , is given by 

pg(h l -h 2 ) = ^pv 2 2 v 2 =^2g(h l -h 2 ) =13.86 m/s. 

By continuity equation, the corresponding rainfall rate is 

^(0.030 m) 2 


v4 j 


(13.86 m/s) = 2.177xl(T 5 m/s = 7.8 cm/h 


(30 m)(60 m) 


73. The normal force F N exerted (upward) on the glass bali of mass m has magnitude 
0.0948 N. The buoyant force exerted by the milk (upward) on the bali has magnitude 

Fb = Pmilkg V 

4 3 

where V= j n r is the volume of the bali. Its radius is r = 0.0200 m. The milk density is 

yOmíik = 1030 kg/m . The (actual) weight of the bali is, of course, downward, and has 
magnitude F g = m g \ ass g. Application of Newtohs second law (in the case of zero 
acceleration) yields 

F N + /Vlkg V ~ Wglassg = 0 

which leads to m g i ass = 0.0442 kg. We note the above equation is equivalent to Eq. 14-19 
in the textbook. 


74. The volume rate of flow is R = vA where A = nr and r = d/2. Solving for speed, we 
obtain 

_R__ R _ AR 
V ~H~ n(d/2) 2 ~ff<f' 

(a) With R = 7.0x IO" 3 m 3 /s and d = 14 x IO" 3 m, our formula yields v = 45 m/s, which is 
about 13% of the speed of sound (which we establish by setting up a ratio: v/v s where v s = 
343 m/s). 

(b) With the contracted trachea (d = 5.2x 10 m) we obtain v = 330 m/s, or 96% of the 
speed of sound. 


75. If we examine both sides of the U-tube at the levei where the low-density liquid (with 
p = 0.800 g/cm 3 = 800 kg/m 3 ) meets the water (with p w = 0.998 g/cm 3 = 998 kg/m 3 ), then 
the pressures there on either side of the tube must agree: 

pgh = p w gh w 

where h = 8.00 cm = 0.0800 m, and Eq. 14-9 has been used. Thus, the height of the 
water column (as measured from that levei) is h w = (800/998)(8.00 cm) = 6.41 cm. The 
volume of water in that column is therefore 

V= nr 2 h w = 71(1.50 cm) 2 (6.41 cm) = 45.3 cm 3 . 


76. Since (using Eq. 5-8) F g = mg = pskierg V and (Eq. 14-16) the buoyant force is Fb 
Msnow g V, then their ratio is 

F± = Psnow gV = ^snow = J^ =0 Q94 (or94 o /o) 
Fg Pskierg^ pskier 1020 


77. (a) We consider a point D on the surface of the liquid in the container, in the same 
tube of fiow with points A, B and C. Applying Bernoulli's equation to points D and C, we 
obtain 


where in the last step we set p D = p c = Pw and v D lv c ~ 0. Plugging in the values, we 
obtain 


Since vg = v c by equation of continuity, and pc = Pat, Bernoulli's equation becomes 

Pb =Pc +Pg(h c ~ K) = p ãir - pg{h x + h 2 +d) 

= 1.0xl0 5 Pa-(1.0xl0 3 kg/m 3 )(9.8m/s 2 )(0.25m + 0.40 m + 0.12 m) 
= 9.2xl0 4 Pa. 

(c) Since pb > 0, we must let p^ x - pg{h\ + d + hi) > 0, which yields 



which leads to 




(b) We now consider points B and C: 



k ^ \max = 



- d - h 2 < 


P 


= 10.3 m. 


78. To be as general as possible, we denote the ratio of body density to water density as / 
(so that /= plp w = 0.95 in this problem). Floating involves equilibrium of vertical forces 
acting on the body (Earth's gravity pulls down and the buoyant force pushes up). Thus, 

F h =F g ^>p w gV w =pgV 

where Vis the total volume of the body and V w is the portion of it which is submerged. 

(a) We rearrange the above equation to yield 

V P w 

which means that 95% of the body is submerged and therefore 5.0% is above the water 
surface. 

(b) We replace p w with 1 .6p w in the above equilibrium of forces relationship, and find 

K _ p _ f 

V \.6p w 1.6 

which means that 59% of the body is submerged and thus 41% is above the quicksand 
surface. 


(c) The answer to part (b) suggests that a person in that situation is able to breathe. 


79. We note that in "gees" (where acceleration is expressed as a multiple of g) the given 
acceleration is 0.225/9.8 = 0.02296. Using m = pV, Newton's second law becomes 

Avat Vg - Pbub Vg = Pbub Va =^ Pbub = /Owat ( 1 + "«'') 

where in the final expression "a" is to be understood to be in "gees." Using p Wãt = 998 
kg/m 3 (see Table 14-1) we find f>bub = 975.6 kg/m 3 . Using volume V = ^nr 3 for the 
bubble, we then find its mass: mt, u b = 5.1 1 x 10~ 7 kg. 


80. The downward force on the balloon is mg and the upward force is Ft = p 0 utVg. 
Newton' s second law (with m= p m V) leads to 


Aout Vg ~ An Vg = An Vd 


Aout 
V An J 


g = a. 


The problem specifies p out I p m = 1.39 (the outside air is cooler and thus more dense than 
the hot air inside the balloon). Thus, the upward acceleration is (1.39 - 1.00)(9.80 m/s 2 ) = 
3.82 m/s 2 . 


81. We consider the can with nearly its total volume submerged, and just the rim above 
water. For calculation purposes, we take its submerged volume to be V = 1200 cm 3 . To 
float, the total downward force of gravity (acting on the tin mass m t and the lead mass 
m t ) must be equal to the buoyant force upward: 

(m t +m e )g = pjg m = (lg/cm 3 ) (1200 cm 3 ) - 130 g 

which yields 1.07x10 g for the (maximum) mass of the lead (for which the can still 
floats). The given density of lead is not used in the solution. 


82. If the mercury levei in one arm of the tube is lowered by an amount x, it will rise by x 
in the other arm. Thus, the net difference in mercury levei between the two arms is 2x, 
causing a pressure difference of Ap = 2pnggx, which should be compensated for by the 
water pressure p w = p w gh, where h = 1 1 .2 cm. In these units, p w = 1 .00 g/cm 3 and pn g = 
13.6 g/cm 3 (see Table 14-1). We obtain 


x = P^ÉL = (1-00 g/cm 3 ) (11.2 cm) = Q ^ 
2p Hg g 2(13.6 g/cm 3 ) 


cm. 


83. Neglecting the buoyant force caused by air, then the 30 N value is interpreted as the 
true weight Wof the object. The buoyant force of the water on the object is therefore 
(30 - 20) N = 10 N, which means 


ION , , 

F, = pjg => V = z- = 1.02 x 10 m 3 

h r w & (1000 kg/m 3 )(9.8m/s 2 ) 

is the volume of the object. When the object is in the second liquid, the buoyant force is 
(30 - 24) N = 6.0 N, which implies 


6.0 N 

(9.8 m/s 2 ) (1.02x1 0~ j m j ) 


A = 7^ — ; 2x/,'^.., -3 — T = 6.0x10 kg/m 3 


84. An object of mass m = pV floating in a liquid of density /Tiiquid is able to float if the 
downward pull of gravity mg is equal to the upward buoyant force Fb = /OiiquidgPsub where 
V sa b is the portion of the object which is submerged. This readily leads to the relation: 


P _ ^sub 


iuid 


for the fraction of volume submerged of a floating object. When the liquid is water, as 
described in this problem, this relation leads to 


P _ 


= 1 


since the object "floats fully submerged" in water (thus, the object has the same density 
as water). We assume the block maintains an "upright" orientation in each case (which is 
not necessarily realistic). 

(a) For liquida, 

P-= X - 
Pa 2 

so that, in view of the fact that p = p w , we obtain pjp w = 2. 

(b) For liquid B, noting that two-thirds above means one-third below, 

Pb 3 

so that pslpw = 3. 

(c) For liquid C, noting that one-fourth above means three-fourths below, 

£- = l 
Pc 4 

so that p c lp w = AI3. 


85. Equilibrium of forces (on the floating body) is expressed as 


•** OT body S Aiquid S' ^submerged Arady § 'total 

which leads to 

' submerged Pboáy 


total 


/'liquid 


We are told (indirectly) that two-thirds of the body is below the surface, so the fraction 
above is 2/3. Thus, with /Wy = 0.98 g/cm 3 , we find /Aiquid =1.5 g/cm 3 — certainly much 
more dense than normal seawater (the Dead Sea is about seven times saltier than the 
ocean due to the high evaporation rate and low rainfall in that region). 


1. The textbook notes (in the discussion immediately after Eq. 15-7) that the acceleration 
amplitude is a m = oix m , where co is the angular frequency {co = 2nf since there are 2n 
radians in one cycle). Therefore, in this circumstance, we obtain 


a m = co 2 x m = (2xf) 2 x m = (2^(6.60 Hz)) 2 (0.0220 m) = 37.8 m/s 2 . 


2. (a) The angular frequency &>is given by co = 2nf= 2n/T, where /is the frequency and T 
is the period. The relationship /= 1/7 was used to obtain the last form. Thus 

co = 27i/(1.00 x IO" 5 s) = 6.28 x 10 5 rad/s. 

(b) The maximum speed v m and maximum displacement x m are related by v m = OK m , so 

v m l.OOxlO 3 m/s , cn , n3 
x =sl= = 1.59 x 10 m. 

m co 6.28 x IO 5 rad/s 


3. (a) The amplitude is half the range of the displacement, or x m = 1.0 mm. 

(b) The maximum speed v m is related to the amplitude x m by v m = cax m , where co is the 
angular frequency. Since co = 2%f, where /is the frequency, 

v m =27cfx m =2^(120 Hz)(l.0xl(T 3 m) = 0.75 m/s. 

(c) The maximum acceleration is 

a ,« = a 2 x m =(2n ff x m =(2x (120 Hz)) 2 (l.OxlíT 3 m) = 5.7xl0 2 m/s 2 . 


4. (a) The acceleration amplitude is related to the maximum force by Newton's second 
law: F max = ma m . The textbook notes (in the discussion immediately after Eq. 15-7) that 
the acceleration amplitude is a m = arx m , where cais the angular frequency (ú)= 2nf since 
there are 2k radians in one cycle). The frequency is the reciprocai of the period: /= \/T = 
1/0.20 = 5.0 Hz, so the angular frequency is ú)= IOtí (understood to be valid to two 
significant figures). Therefore, 

^max =mco 2 x m =(0.12 kg)(l Ott rad/s) 2 (0.085 m) = 10N. 


(b) Using Eq. 15-12, we obtain 


íy=^ =í> Â: = míy 2 =(0.12kg)(10^rad/s) 2 =1.2xl0 2 N/m. 


5. (a) During simple harmonic motion, the speed is (momentarily) zero when the object is 
at a "turning point" (that is, when x = +x m or x = -x m ). Consider that it starts at x = +x m 
and we are told that t = 0.25 second elapses until the object reaches x = -x m . To execute a 
full cycle of the motion (which takes a period Tto complete), the object which started atx 
= +x m must return to x = +x m (which, by symmetry, will occur 0.25 second after it was at 
x = -x m ). Thus, T=2t = 0.50 s. 

(b) Frequency is simply the reciprocai of the period: /= \/T= 2.0 Hz. 

(c) The 36 cm distance between x = +x m and x = -x m is 2x m . Thus, x m = 36/2 = 18 cm. 


6. (a) Since the problem gives the frequency /= 3.00 Hz, we have co = 2nf= 6n rad/s 
(understood to be valid to three significant figures). Each spring is considered to support 
one fourth of the mass m CM so that Eq. 15-12 leads to 


Q)= k — => k= ^(1450kg)(6^r rad/sf = 1.29x1 0 5 N/m. 

(b) If the new mass being supported by the four springs is m to tai = [1450 + 5(73)] kg 
1815 kg, then Eq. 15-12 leads to 


k 1 1.29xl0 5 N/m 0/;ou 

«„ew=J Tl => /new= — J =2.68Hz. 

Vm total /4 (1815/4) kg 


7. (a) The motion repeats every 0.500 s so the period must be T= 0.500 s. 

(b) The frequency is the reciprocai of the period: /= \/T= 1/(0.500 s) = 2.00 Hz. 

(c) The angular frequency cois a>= 2nf= 27t(2.00 Hz) = 12.6 rad/s. 

(d) The angular frequency is related to the spring constant k and the mass m 
Cú - yfk/m. We solve for k and obtain 

k = mo} = (0.500 kg)(12.6 rad/s) 2 = 79.0 N/m. 

(e) Let x m be the amplitude. The maximum speed is 

v m = C0K m = (12.6 rad/s)(0.350 m) = 4.40 m/s. 

(f) The maximum force is exerted when the displacement is a maximum and 
magnitude is given by F m = kx m = (79.0 N/m)(0.350 m) = 27.6 N. 


8. (a) The problem describes the time taken to execute one cycle of the motion. The 
period is T= 0.75 s. 

(b) Frequency is simply the reciprocai of the period: /= l/T ' ~ 1.3 Hz, where the SI unit 
abbreviation Hz stands for Hertz, which means a cycle-per-second. 

(c) Since 271 radians are equivalent to a cycle, the angular frequency ú) (in radians-per- 
second) is related to frequency fby co = 2nf so that a>~ 8.4 rad/s. 


9. The magnitude of the maximum acceleration is given by a m = càx m , where co is the 
angular frequency andx m is the amplitude. 

(a) The angular frequency for which the maximum acceleration is g is given by 
ú) = yjg/ x m , and the corresponding frequency is given by 


1 I 9.8 m/s' =498 Hz 
2n V1.0xl(T 6 m 

(b) For frequencies greater than 498 Hz, the acceleration exceeds g for some part of the 
motion. 



10. We note (from the graph) that x m = 6.00 cm. Also the value at t = 0 is x 0 = - 2.00 cm. 
Then Eq. 15-3 leads to 

<j)= cos"'(-2.00/6.00) = +1.91 rad or - 4.37 rad. 

The other "root" (+4.37 rad) can be rejected on the grounds that it would lead to a 
positive slope at t = 0. 


1 1 . (a) Making sure our calculator is in radians mode, we find 


x = 6. Ocos 


3tt(2.0) + 


Tl 


V 


3.0 m. 


(b) Differentiating with respect to time and evaluating at t = 2.0 s, we find 

dx 


dt 


-37t(6.0)sin 3^(2.0) + yj = -49 m/s. 


(c) Differentiating again, we obtain 


a = — = -(3tc) 2 (6.0)cosÍ3tt(2.0) + - 
dt v 3 ) 


= -2.7xl0 2 m/s 2 


(d) In the second paragraph after Eq. 15-3, the textbook defines the phase of the motion. 
In this case (with t = 2.0 s) the phase is 37t(2.0) + 7t/3 = 20 rad. 

(e) Comparing with Eq. 15-3, we see that a>= 37t rad/s. Therefore,/= cdln =1.5 Hz. 

(f) The period is the reciprocai of the frequency: T=\lf~ 0.67 s. 


12. We note (from the graph) that v m = (úx m = 5.00 cm/s. Also the value at t = 0 is v 0 = 
4.00 cm/s. Then Eq. 15-6 leads to 

<p= sin\- 4.00/5.00) = - 0.927 rad or +5.36 rad. 

The other "root" (+4.07 rad) can be rejected on the grounds that it would lead to a 
positive slope at t = 0. 


13. When displaced from equilibrium, the net force exerted by the springs is -2kx acting 
in a direction so as to return the block to its equilibrium position (x = 0). Since the 

acceleration a = d 2 xl dt 1 , Newton's second law yields 


dt 2 

Substituting x = x m cos(úX + (f>) and simplifying, we find 

2 2k 
co = — 
m 

where co is in radians per unit time. Since there are 2tí radians in a cycle, and frequency / 
measures cycles per second, we obtain 


^i a = J_ 2(7580 N/m) 
2k 27t\m 2n\ 0.245 kg 


14. The statement that "the spring does not affect the collision" justifies the use of elastic 
collision formulas in section 10-5. We are told the period of SHM so that we can find the 
mass of block 2: 

kT 2 
- = 0.600 kg. 


T = 27tX^- => nu=- 


k 4tt z 

At this point, the rebound speed of block 1 can be found from Eq. 10-30: 


0.200 kg -0.600 kg 


0.200 kg + 0.600 kg 


(8.00 m/s) = 4.00 m/s 


This becomes the initial speed v 0 of the projectile motion of block 1. A variety of choices 
for the positive axis directions are possible, and we choose left as the +x direction and 
down as the +y direction, in this instance. With the "launch" angle being zero, Eq. 4-21 
and Eq. 4-22 (with -g replaced with +g) lead to 


2h . An . , , 2(4.90 m) 
x - Xq = Vo t = v — = (4.00 m/s) v / 

V g V 9.8 m/s 


Since x - xo = d, we arrive at d = 4.00 m. 


15. (a) Eq. 15-8 leads to 


2 l~ a 

a = -co x => co = 


123 m/s 2 


7 = V 


0.100 m 


= 35.07 rad/s 


Therefore,/= (ú/2n = 5.58 Hz. 

(b) Eq. 15-12 provides a relation between co (found in the previous part) and the mass: 


CO- 


rn ■ 


400 N/m 
(35.07 rad/s) 2 


:0.325kg. 


(c) By energy conservation, \kx 2 m (the energy of the system at a turning point) is equal to 
the sum of kinetic and potential energies at the time t described in the problem. 


1 

2 


1 

2 


7 2 A 2 ~^ 7 2 2 2 

foc„=-mv + — o: => x„ = — v +x . 


Consequently, x m = ^(0.325 kg/ 400 N/m)(13.6 m/s) 2 + (0.100 m) 2 = 0.400m. 


16. From highest levei to lowest levei is twice the amplitude x m of the motion. The period 
is related to the angular frequency by Eq. 15-5. Thus, x m = \d and co= 0.503 rad/h. The 

phase constant (f> in Eq. 15-3 is zero since we start our clock when x 0 = x m (at the highest 
point). We solve for t when x is one-fourth of the total distance from highest to lowest 
levei, or (which is the same) half the distance from highest levei to middle levei (where 
we locate the origin of coordinates). Thus, we seek t when the ocean surface is at 


. _ i 


= jd. With x = x m cos(ftíf + (/)) , we obtain 


-d = 


cos(0.503í + 0) 


1 


= cos(0.503í) 


which has t = 2.08 h as the smallest positive root. The calculator is in radians mode 
during this calculation. 


17. The maximum force that can be exerted by the surface must be less than jU s F N or else 
the block will not follow the surface in its motion. Here, u. v is the coefficient of static 
friction and F N is the normal force exerted by the surface on the block. Since the block 
does not accelerate vertically, we know that F N = mg, where m is the mass of the block. If 
the block follows the table and moves in simple harmonic motion, the magnitude of the 
maximum force exerted on it is given by 

F = ma m = múTx m = m{2nf) 2 x m , 

where a m is the magnitude of the maximum acceleration, co is the angular frequency, and 
/ is the frequency. The relationship co = 2nf was used to obtain the last form. We 
substitute F = m(2nf) x m and F N = mg into F < [i s F N to obtain m(2nf) x m < \i s mg. The 
largest amplitude for which the block does not slip is 

na (0.50)Í9.8m/s 2 ) 

x m =-^T = - t- = 0-031 m. 

(27t/) (271X2.0 Hz) 

A larger amplitude requires a larger force at the end points of the motion. The surface 
cannot supply the larger force and the block slips. 


18. They pass each other at time t, at x l = x 2 = \x m where 

x l = x m cos(<Wí + ^ 1 ) and x 2 = x m cos(M + 0 2 ). 

From this, we conclude that cos(<2# + <p l ) = cos(aX + <p 2 ) = j, and therefore that the phases 
(the arguments of the cosines) are either both equal to n/3 or one is n/3 while the other 
is -n/3. Also at this instant, we have vi = -V2* 0 where 

v i = -x m a>sm(ú)t + <p x ) and v 2 = -x m ú)ún(M + <p 2 ). 

This leads to sin(&# + <fc) = - sin(íMf + 0 2 )- This leads us to conclude that the phases have 
opposite sign. Thus, one phase is n/3 and the other phase is -k/3; the wt term cancels if 
we take the phase difference, which is seen to be n/3 - (-71 13) = In 13. 


19. (a)Let 


A 


x, 


-cos 


2nt 


be the coordinate as a function of time for particle 1 and 


A 
~2 


be the coordinate as a function of time for particle 2. Here T is the period. Note that since 
the range of the motion is A, the amplitudes are both A/2. The arguments of the cosine 
functions are in radians. Particle 1 is at one end of its path (xi = A/2) when t = 0. Particle 
2 is at A/2 when 2nt/T + tí/6 = 0 or t = -7712. That is, particle 1 lags particle 2 by one- 
twelfth a period. We want the coordinates of the particles 0.50 s later; that is, at t = 0.50 s, 


-cos 


2^x0.50 s 
1.5 s 


and 


x 9 = — cos 

2 2 


2^x0.50 s + ;r 
1.5 s ~6 


-0.25 A 


= -0.43 A 


Their separation at that time is xi—X2 = -0.25.4 + 0.43.4 = 0.1&4. 
(b) The velocities of the particles are given by 


dx, nA 
v, = — L = — sin 
1 dt T 


2nt\ 


V T ) 


and 


dx, kA . 
v, = — - = — sin 
dt T 


( 2nt ti 

+ — 

l T 6 


We evaluate these expressions for t = 0.50 s and find they are both negative-valued, 
indicating that the particles are moving in the same direction. 


20. We note that the ratio of Eq. 15-6 and Eq. 15-3 is v/x = -úXan(cot + d}) where 0)= 1.20 
rad/s in this problem. Evaluating this at t = 0 and using the values from the graphs shown 
in the problem, we find 

0=tan\-v o /x o ú)) = tan _1 (+4.00/(2 x 1.20)) =1.03 rad (or -5.25 rad). 

One can check that the other "root" (4.17 rad) is unacceptable since it would give the 
wrong signs for the individual values of v 0 and x 0 . 


21. Both parts of this problem deal with the criticai case when the maximum acceleration 
becomes equal to that of free fali. The textbook notes (in the discussion immediately after 
Eq. 15-7) that the acceleration amplitude is a m = újx m , where &>is the angular frequency; 
this is the expression we set equal to g = 9.8 m/s . 

(a) Using Eq. 15-5 and T= 1.0 s, we have 


2n 


V í ) 


x m =g^x„ 


4n 2 


0.25 m. 


(b) Since co= 2nf, and x m = 0.050 m is given, we find 


{2nf) 2 x m =g => / = J-JÍ = 2.2 Hz. 

2k \ x m 


22. Eq. 15-12 gives the angular velocity: 


co- 


100 N/m 
'm V 2.00 kg 


= 7.07rad/s. 


Energy methods (discussed in §15-4) provide one method of solution. Here, we use 
trigonometric techniques based on Eq. 15-3 and Eq. 15-6. 

(a) Dividing Eq. 15-6 by Eq. 15-3, we obtain 


— = -ú)tan(úX + <p) 


so that the phase (cot + (f>) is found from 


cot + (f) - tan 


\COX j 


= tan 


-3.415 m/s 


(7.07rad/s)(0.129m) 


With the calculator in radians mode, this gives the phase equal to -1.31 rad. Plugging this 
back into Eq. 15-3 leads to0.129m = x m cos(-1.31) => x m =0.500m. 

(b) Since cot+ 0 = -1 .3 1 rad at t = 1 .00 s, we can use the above value of co to solve for the 
phase constant (j). We obtain ^ = —8.38 rad (though this, as well as the previous result, can 
have 27t or 4ji (and so on) added to it without changing the physics of the situation). With 
this value of 0, we find x 0 = x m cos (p = - 0.25 1 m. 


(c) And we obtain v 0 = -x m co sin^ = 3.06 m/s. 


23. Let the spring constants be k\ and fe. When displaced from equilibrium, the 
magnitude of the net force exerted by the springs is \k\x + &2 x| acting in a direction so as 

2 2 

to return the block to its equilibrium position (x = 0). Since the acceleration a = d x/d , 
Newton' s second law yields 

dlx -u t 

dt 2 1 2 

Substituting x = x m cos(úX + (f>) and simplifying, we find 

CO =— - 


m 


where co is in radians per unit time. Since there are 2ji radians in a cycle, and frequency / 
measures cycles per second, we obtain 


/ = 


co 1 k,+k. 


2n 2n V m 


"1 1 ""2 


The single springs each acting alone would produce simple harmonic motions of 
frequency 

2k \m lk \m 


respectively. Comparing these expressions, it is clear that 

/ = V/i 2 + fl = V(30 Hz) 2 +(45 Hz) 2 = 54 Hz. 


24. To be on the verge of slipping means that the force exerted on the smaller block (at 
the point of maximum acceleration) isf mdbX = ju s mg. The textbook notes (in the discussion 
immediately after Eq. 15-7) that the acceleration amplitude is a m =úTx m , where 
co = y/k I (m + M) is the angular frequency (from Eq. 15-12). Therefore, using Newton's 
second law, we have 

k 


ma m = H s mg => x m = {í s g 

m + M 


which leads to 


x _ ju s g(m + M) _ (0.40)(9.8m/s 2 )(1.8kg + 10kg) _ Q , 3 m _, 3 ^ 
k 200 N/m 


25. (a) We interpret the problem as asking for the equilibrium position; that is, the block 
is gently lowered until forces balance (as opposed to being suddenly released and allowed 
to oscillate). If the amount the spring is stretched is x, then we examine force-components 
along the incline surface and find 


at equilibrium. The calculator is in degrees mode in the above calculation. The distance 
from the top of the incline is therefore (0.450 + 0.75) m = 0.525 m. 

(b) Just as with a vertical spring, the effect of gravity (or one of its components) is simply 
to shift the equilibrium position; it does not change the characteristics (such as the period) 
of simple harmonic motion. Thus, Eq. 15-13 applies, and we obtain 


kx -mg siri 0 => x = 


nigúriO _ (14.0 N)sin40.0° 
k ~ 120 N/m 


= 0.0750 m 



26. We wish to find the effective spring constant for the combination of springs shown in 
the figure. We do this by finding the magnitude F of the force exerted on the mass when 
the total elongation of the springs is Áx. Then £ eff = F/Ax. Suppose the left-hand spring is 
elongated by Ax f and the right-hand spring is elongated by Áx r . The left-hand spring 
exerts a force of magnitude kAx, on the right-hand spring and the right-hand spring exerts 

a force of magnitude kAx r on the left-hand spring. By Newton' s third law these must be 
equal, so Ax t = Ax r . The two elongations must be the same and the total elongation is 
twice the elongation of either spring: Ax = 2Ax í . The left-hand spring exerts a force on 
the block and its magnitude is F = kAx t . Thus k tf{ = kAx ( 1 2Ax r = k 1 2 . The block 
behaves as if it were subject to the force of a single spring, with spring constant k/2. To 
find the frequency of its motion replace k e « in / = (1 / 2n)^Jk efí I m with k/2 to obtain 



With m = 0.245 kg and k = 6430 N/m, the frequency is/= 18.2 Hz. 


27. When the block is at the end of its path and is momentarily stopped, its displacement 
is equal to the amplitude and ali the energy is potential in nature. If the spring potential 
energy is taken to be zero when the block is at its equilibrium position, then 


E = -kxl =-(l.3xl0 2 N/m)(0.024 m) 2 =3.7xl(T 2 J. 


28. (a) The energy at the turning point is ali potential energy: E = \kx 2 m where E = 1.00 J 
and x m = 0. 100 m. Thus, 

2F 

£ = ^ = 200N/m. 

(b) The energy as the block passes through the equilibrium position (with speed v m = 1 .20 
m/s) is purely kinetic: 

1 1E 

E = —mvl => m = —r- = 1.39 kg. 


(c) Eq. 15-12 (divided by 2n) yields 


/ = — J— = 1.91 Hz. 
271 V m 


29. The total energy is given by E = \kx 2 m , where k is the spring constant and x m is the 

amplitude. We use the answer from part (b) to do part (a), so it is best to look at the 
solution for part (b) first. 

(a) The fraction of the energy that is kinetic is 

£.±±. 1 _£.,_I.I =0 .75 
E E E 4 4 

where the result from part (b) has been used. 

(b) When x = \x m the potential energy is U = jkx 2 = \kx l m . The ratio is 

E kxí 12 4 


(c) Since E = \kx 2 m and U = \kx 2 , U/E = x 2 /x 2 m . We solve x 2 /x 2 m = 1/2 for x. We should 
get x = x m I V2 . 


30. The total mechanical energy is equal to the (maximum) kinetic energy as it passes 
through the equilibrium position (x = 0): 

\mv = £(2.0 kg)(0.85 m/s) 2 = 0.72 J. 

Looking at the graph in the problem, we see that l/(x=10)=0.5 J. Since the potential 
function has the form U(x) = bx 2 , the constant is è = 5. 0x10 3 J/cm 2 . Thus, U(x) = 0.72 J 
whenx = 12 cm. 

(a) Thus, the mass does turn back before reaching x = 15 cm. 

(b) It turns back at x = 12 cm. 


31. (a) Eq. 15-12 (divided by 2tc) yields 


/--LJÍ— L 100 ° N/m = 2.25Hz. 
2% \m 2tt 5.00 kg 

(b) Withxo = 0.500 m, we have U 0 = ±kx 2 0 = 125 J. 

(c) With v 0 = 10.0 m/s, the initial kinetic energy is K 0 = \mv 2 0 = 250 J. 

(d) Since the total energy E = K 0 + U 0 = 375 J is conserved, then consideration of the 
energy at the turning point leads to 


1,2 UE 


E= -kx: =>.y„ O.866111. 


m m 


32. We infer from the graph (since mechanical energy is conserved) that the total energy 
in the system is 6.0 J; we also note that the amplitude is apparently x m = 12 cm = 0.12 m. 
Therefore we can set the maximum potential energy equal to 6.0 J and solve for the 
spring constant k: 


^kx m 2 = 6.0J => k=S3 x IO 2 N/m. 


33. The textbook notes (in the discussion immediately after Eq. 15-7) that the 
acceleration amplitude is a m = cíx m , where Q) is the angular frequency and x m = 0.0020 m 
is the amplitude. Thus, a m = 8000 m/s leads to co = 2000 rad/s. Using Newton's second 
law with m = 0.010 kg, we have 


2000í-- 
3J 


F = ma = m(-a m cos(cot + 0)) = -(80 N)cos 

where t is understood to be in seconds. 

(a) Eq. 15-5 gives T= 2n/ú)= 3.1 x 10" 3 s. 

(b) The relation v m = OK m can be used to solve for v m , or we can pursue the alternate 
(though related) approach of energy conservation. Here we choose the latter. By Eq. 15- 
12, the spring constant is k = crfm = 40000 N/m. Then, energy conservation leads to 

]-kx 2 m = ]-mv 2 m v m = x — = 4.0 m/s. 

2 2 \m 

(c) The total energy is \kx 2 m = \mv 2 m = 0.080 J. 

(d) At the maximum displacement, the force acting on the particle is 

F = fcc = (4.0xl0 4 N/m)(2.0xlO" 3 m)=80N. 


(e) At half of the maximum displacement, x = 1.0 mm , and the force is 

F = fcc = (4.0xl0 4 N/m)(1.0xlO" 3 m)=40 N. 


34. We note that the ratio of Eq. 15-6 and Eq. 15-3 is v/x = -cotan(coí + 0) where CG is 

1 2 1 2 

given by Eq. 15-12. Since the kinetic energy is^mv and the potential energy is^kx 

1 2 2 

(which may be conveniently written as ^ m(ú x ) then the rat i° °f kinetic to potential 
energy is simply 

(v/x) 2 /co 2 = tan 2 (coí + <p), 

which at t = 0 is tan 2 0. Since <p= n/6 in this problem, then the ratio of kinetic to potential 
energy at t = 0 is tan 2 (7t/6) = 1/3. 


35. The problem consists of two distinct parts: the completely inelastic collision (which is 
assumed to occur instantaneously, the bullet embedding itself in the block before the 
block moves through significant distance) followed by simple harmonic motion (of mass 
m + M attached to a spring of spring constant k). 

(a) Momentum conservation readily yields v' = mv/(m + M). With m = 9.5 g, M= 5.4 kg 
and v = 630 m/s, we obtain v ' = 1 . 1 m/s. 

(b) Since v' occurs at the equilibrium position, then v' = v m for the simple harmonic 
motion. The relation v m = cac m can be used to solve for x m , or we can pursue the alternate 
(though related) approach of energy conservation. Here we choose the latter: 


Um + M)(v') 2 =±-kx 2 m => \{m + M) 


(m + M) 2 2 



which simplifies to 


mv (9.5xl(T 3 kg)(630 m/s) 


= 3.3xl(T 2 m. 


^k(m + M) 7(6000 N/m)(9.5xl(T 3 kg+ 5.4kg) 


36. We note that the spring constant is 


k=4n 2 m l /T 2 = 1.97 x IO 5 N/m. 

It is important to determine where in its simple harmonic motion (which "phase" of its 
motion) block 2 is when the impact occurs. Since co = 2n/T and the given value of t 
(when the collision takes place) is one-fourth of T, then wt = n/2 and the location then of 
block 2 is x = x m cos(coí + (|)) where (|) = 7i/2 which gives x = x m cos(n/2 + n/2) = -x m . This 
means block 2 is at a turning point in its motion (and thus has zero speed right before the 
impact occurs); this means, too, that the spring is stretched an amount of 1 cm = 0.01 m 
at this moment. To calculate its after-collision speed (which will be the same as that of 
block 1 right after the impact, since they stick together in the process) we use momentum 
conservation and obtain v = (4.0 kg)(6.0 m/s)/(6.0 kg) = 4.0 m/s. Thus, at the end of the 
impact itself (while block 1 is still at the same position as before the impact) the system 
(consisting now of a total mass M = 6.0 kg) has kinetic energy 

K = j(6.0 kg)(4.0 m/s) 2 = 48 J 

and potential energy 

U= \kx 2 = |(1.97 x 10 5 N/m)(0.010 m) 2 - 10 J, 

meaning the total mechanical energy in the system at this stage is approximately E = K + 
U = 58 J. When the system reaches its new turning point (at the new amplitude X) then 

1 5 2 

this amount must equal its (maximum) potential energy there: E= 2 (1.97 x 10 N/m) X . 
Therefore, we find 

v Í2Ê~ l 2(58 J) „„„„ 


37. (a) The object oscillates about its equilibrium point, where the downward force of 
gravity is balanced by the upward force of the spring. If t is the elongation of the spring 
at equilibrium, then k£ = mg, where k is the spring constant and m is the mass of the 
object. Thus k/m =g/£ and 

/ = eo/2n = (l/2n)Jk/m~ = (l/2n)^/I. 

Now the equilibrium point is halfway between the points where the object is momentarily 
at rest. One of these points is where the spring is unstretched and the other is the lowest 
point, 10 cm below. Thus £ = 5.0 cm = 0.050 m and 


/= lf^ =2 ,Hz. 
2n \ 0.050 m 

(b) Use conservation of energy. We take the zero of gravitational potential energy to be at 
the initial position of the object, where the spring is unstretched. Then both the initial 
potential and kinetic energies are zero. We take the y axis to be positive in the downward 
direction and let y = 0.080 m. The potential energy when the object is at this point is 
U= jky 2 -mgy. The energy equation becomes 0 = jky 2 -mgy + jmv 2 . We solve for the 
speed: 


v = \\ 2 sy-íy 2 =\\ 2 sy-^y 2 =^H 9 - 8 ^ s2 )( 0 - 080m )-íf^]( 0 - 080m ) 2 


m 

= 0.56 m/s 


v 


(c) Let m be the original mass and Am be the additional mass. The new angular frequency 
is af = yjk/ (m + Am) . This should be half the original angular frequency, or \ *Jk/m . We 
solve sjkl (m + Am) =jyjkJm for m. Square both sides of the equation, then take the 
reciprocai to obtain m + Am = 4m. This gives 

m = Am/3 = (300 g)/3 = 100 g = 0.100 kg. 

(d) The equilibrium position is determined by the balancing of the gravitational and 
spring forces: ky = (m + Am)g. Thus y = (m + Am)glk. We will need to find the value of 
the spring constant k. Use k= mo} = m(2n f) 2 . Then 

(m + Am)g (0.100 kg + 0.300 kg)Í9.80 m/s 2 ) 

y± '-f- = - ^ ^ = 0.200 m. 

m{2nf) (0.100 kg)(2^x2.24 Hz) 


This is measured from the initial position. 


38. From Eq. 15-23 (in absolute value) we find the torsion constant: 


K- 


0.20 N-m 
0.85 rad 


= 0.235 N-m/rad. 


With / = 2mR 15 (the rotational inertia for a solid sphere — from Chapter 1 1), Eq. 15-23 
leads to 


T = 2íC< 


(95 kg)(0.15m) 


K 


0.235 N-m/rad 


= 12s. 


39. (a) We take the angular displacement of the wheel to be 0= 0 m cos(2nt/T), where 0 m 
is the amplitude and T is the period. We differentiate with respect to time to find the 
angular velocity: Q = -(2n/T)0 m sm(2nt/T). The symbol Q is used for the angular 
velocity of the wheel so it is not confused with the angular frequency. The maximum 
angular velocity is 

2n0 Í2^-)(^rad) 

O = = ± — ^ '- = 39.5 rad/s. 

T 0.500 s 

(b) When 0= n/2, then 01 0 m = 1/2, zo%(2nt/T) = 1/2, and 


sm(2nt/T) = ^\-cos 2 (2xt/T) = ^\-(\/2) 2 =^3/2 


where the trigonometric identity cos 0+ sin 0= 1 is used. Thus, 


2n 

Q = #„sin 


( 2nt\ f 2n 


\ T ) ^0.500 s 


(71 rad) 


f 4p 

V2y 


= -34.2 rad/s. 


During another portion of the cycle its angular speed is +34.2 rad/s when its angular 
displacement is 7t/2 rad. 

(c) The angular acceleration is 


d 2 0 


dt 2 


2n 


v 1 J 


0 m cos(2m/T) = - 


2n 


v 1 J 


0. 


When 0= n/4, 


a = - 


2n Vr^ 


0.500 s 


-124 rad/s 2 , 


or I a\= 124 rad/s 2 . 


40. (a) Comparing the given expression to Eq. 15-3 (after changing notation x — > d), we 
see that co = 4.43 rad/s. Since co= y[g/L then we can solve for the length: L = 0.499 m. 

(b) Since v m = cac m = coLQ m = (4.43 rad/s)(0.499 m)(0.0800 rad) and m = 0.0600 kg, then 
we can find the maximum kinetic energy: \ mvm = 9.40 x 10" 4 J. 


41. (a) Referring to Sample Problem 15-5, we see that the distance between P and C is 
h = jL-jL = jL. The parallel axis theorem (see Eq. 15-30) leads to 


which yields T= 1 .64 s for L = 1 .00 m. 

(b) We note that this T is identical to that computed in Sample Problem 15-5. As far as 
the characteristics of the periodic motion are concerned, the center of oscillation provides 
a pivot which is equivalent to that chosen in the Sample Problem (pivot at the edge of the 
stick). 


1 = — mL + mn = — + — mL = — mL . 
12 U2 36; 9 


Eq. 15-29 then gives 



42. We require 

T = 2n P^ = 2tt — 

v s v m £ Ã 


similar to the approach taken in part (b) of Sample Problem 15-5, but treating in our case 
a more general possibility for /. Canceling 2tí, squaring both sides, and canceling g leads 
directly to the result; L 0 = I/mh. 


43. (a) A uniform disk pivoted at its center has a rotational inertia of \Mr 2 , where M is 

its mass and r is its radius. The disk of this problem rotates about a point that is displaced 
from its center by r+ L, where L is the length of the rod, so, according to the parallel-axis 
theorem, its rotational inertia is \Mr 2 + \M(L + r) 2 . The rod is pivoted at one end and 

has a rotational inertia of mL 2 /3, where m is its mass. The total rotational inertia of the 
disk and rod is 

I = -Mr 2 +M(L + rf +-mL 2 
2 3 

= ^(0.500kg)(0.100m) 2 +(0.500kg)(0.500m+0.100m) 2 +^(0.270kg)(0.500m) 2 
= 0.205kgm 2 . 

(b) We put the origin at the pivot. The center of mass of the disk is 

i d =Z + r = 0.500 m + 0.100 m = 0.600 m 

away and the center of mass of the rod is i r - L 12 - (0.500 m)/ 2 = 0.250 m away, on 
the same line. The distance from the pivot point to the center of mass of the disk-rod 
system is 

d _ Mí d + mí r _ (0.500 kg)(0.600 m) + (0.270 kg)(0.250 m) _ 
M+m 0.500 kg + 0.270 kg 

(c) The period of oscillation is 


T = l7t I =Zz 0.205 kg m 2 =15Qs 

V(M + m)gd \((0.500kg + 0.270kg)(9.80m/s 2 )(0.447m) ' S ' 


2 

44. We use Eq. 15-29 and the parallel-axis theorem I = I cm + mh where h = d, the 
unknown. For a meter stick of mass m, the rotational inertia about its center of mass is I cm 
= mL 1X1 where 1 = 1.0 m. Thus, for T= 2.5 s, we obtain 


mL 2 /X1 + md 2 „ L 2 d 

= 271 + -. 

mgd \12gd g 

Squaring both sides and solving for d leads to the quadratic formula: 

, g(T I In) 2 ± Jd 2 (T I In) 4 -L 2 /3 

d = . 

2 


T = 1n 


Choosing the plus sign leads to an impossible value for d (d = 1.5 > L). If we choose the 
minus sign, we obtain a physically meaningful result: d = 0.056 m. 


2 

45. We use Eq. 15-29 and the parallel-axis theorem / = I cm + mh where h = d. For a solid 
disk of mass m, the rotational inertia about its center of mass is I cm = mR 2 /2. Therefore, 


rf/W _ «!±2rfj = £35 cm)' + 2(1.75 cm)' 
V mgJ V 2 ^ V 2(980 cm/s 2 )(1.75 cm) 


46. To use Eq. 15-29 we need to locate the center of mass and we need to compute the 
rotational inertia about^í. The center of mass of the stick shown horizontal in the figure is 
at A, and the center of mass of the other stick is 0.50 m below A. The two sticks are of 
equal mass so the center of mass of the system is A = |(0.50 m) = 0.25m below A, as 

shown in the figure. Now, the rotational inertia of the system is the sum of the rotational 
inertia I\ of the stick shown horizontal in the figure and the rotational inertia h of the 
stick shown vertical. Thus, we have 


where L = 1.00 m and M is the mass of a meter stick (which cancels in the next step). 
Now, with m = 2M(the total mass), Eq. 15-29 yields 


I = I X +I 2 = 


1 


ML 2 + -ML 2 = — ML 2 
3 12 


12 



where h = L/4 was used. Thus, T= 1.83 s. 


47. From Eq. 15-28, we find the length of the pendulum when the period is T= 8.85 s: 


The new length is L' = L - d where d = 0.350 m. The new period is 


T' = 2n —=2n = 2nJ — =-— 

\g \§ § V 4 ^ g 

which yields T = 8.77 s. 


2 

48. (a) The rotational inertia of a uniform rod with pivot point at its end is / = mL IY1 + 
mL 2 = 1/3ML 2 . Therefore, Eq. 15-29 leads to 


\MÚ 3gT 2 


Mg (L/2) &x 2 


7 = 2^ 
so that L = 0.84 m. 
(b) By energy conservation 

^bottom of swing "^end of swing ^ m 

where U = Mg£(l - cos ff) with l being the distance from the axis of rotation to the center 
of mass. If we use the small angle approximation (cos# = l-j# 2 with 0 in radians 
(Appendix E)), we obtain 

l/,„=(0.5kg)(9.8m/s ! )f| Vl 


where ff m = 0.17 rad. Thus, K m = U m = 0.031 J. If we calculate (1 - cosff) 
straightforwardly (without using the small angle approximation) then we obtain within 
0.3% of the same answer. 


49. This is similar to the situation treated in Sample Problem 15-5, except that O is no 
longer at the end of the stick. Referring to the center of mass as C (assumed to be the 
geometric center of the stick), we see that the distance between O and C is h = x. The 
parallel axis theorem (see Eq. 15-30) leads to 


Eq. 15-29 gives 


I — — mL 2 + mh 2 — m 
12 


12 


T=2n 


mgh 


= 271, 


0 + x 2 ) 


= 2n 


(L 2 +\2x 2 ) 


\2gx 


(a) Minimizing T by graphing (or special calculator functions) is straightforward, but the 
standard calculus method (setting the derivative equal to zero and solving) is somewhat 
awkward. We pursue the calculus method but choose to work with HgT^lln instead of T 
(it should be clear that HgT^/ln is a minimum whenever T is a minimum). The result is 


dx 


= 0 = 


44+ 


12*) 


dx 


which yields x = L/y/l2 = (1.85 m)/Vl2 =0.53 m as the value of x which should produce 
the smallest possible value of T. 

(b) With L = 1.85 m and x = 0.53 m, we obtain 7= 2.1 s from the expression derived in 
part (a). 


50. Consider that the length of the spring as shown in the figure (with one of the block's 
corners lying directly above the block's center) is some value L (its rest length). If the 
(constant) distance between the block's center and the point on the wall where the spring 
attaches is a distance r, then rcos0 = d/yj2 and rcos0 = L defines the angle #measured 
from a line on the block drawn from the center to the top corner to the line of r (a straight 
line from the center of the block to the point of attachment of the spring on the wall). In 
terms of this angle, then, the problem asks us to consider the dynamics that results from 
increasing 0 from its original value 0 O to 0 O + 3 o and then releasing the system and letting 
it oscillate. If the new (stretched) length of spring is L' (when 0 = 0 O + 3 o ), then it is a 
straightforward trigonometric exercise to show that 

(L'f = r 2 + {dl^l f - 2r(J/\/2 )cos(0 o + 3°) = L 2 + d 2 - J 2 cos(3°)+ \/2 Wsin(3°) . 

since 0 O = 45°. The difference between L' (as determined by this expression) and the 
original spring length L is the amount the spring has been stretched (denoted here as x m ). 
If one plots x m versus L over a range that seems reasonable considering the figure shown 
in the problem (say, from L = 0.03 m to L = 0. 10 m) one quickly sees that x m ~ 0.00222 m 
is an excellent approximation (and is very close to what one would get by approximating 
x m as the are length of the path made by that upper block corner as the block is turned 
through 3 o , even though this latter procedure should in principie overestimate x m ). Using 

1 2 

this value of x m with the given spring constant leads to a potential energy of U = x m = 

0.00296 J. Setting this equal to the kinetic energy the block has as it passes back through 
the initial position, we have 

^=0.00296 J= \ I&J 

where co m is the maximum angular speed of the block (and is not to be confused with the 
angular frequency co of the oscillation, though they are related by a>m = 0 o co if 0 O is 
expressed in radians). The rotational inertia of the block is I=\m£ = 0.0018 kg-m 2 . 
Thus, we can solve the above relation for the maximum angular speed of the block: 



2(0.002961) 


0.0018 kg-m 2 


Therefore the angular frequency of the oscillation is 0)= a^/00 = 34.6 rad/s. Using Eq. 
15-5, then, the period is T= 0.18 s. 


5 1 . If the torque exerted by the spring on the rod is proportional to the angle of rotation of 
the rod and if the torque tends to pull the rod toward its equilibrium orientation, then the 
rod will oscillate in simple harmonic motion. If t = -C0, where T is the torque, 0 is the 
angle of rotation, and C is a constant of proportionality, then the angular frequency of 
oscillation is (O = y/C 1 1 and the period is 

T = 2nl ú) = 2nJlTC, 

where / is the rotational inertia of the rod. The plan is to find the torque as a function of 0 
and identify the constant C in terms of given quantities. This immediately gives the 
period in terms of given quantities. Let £ 0 be the distance from the pivot point to the wall. 
This is also the equilibrium length of the spring. Suppose the rod turns through the angle 
0, with the left end moving away from the wall. This end is now (L/2) sin 0 further from 
the wall and has moved a distance (L/2)(l - cos 0) to the right. The length of the spring is 
now 

£ = yJ(L 1 2f (1 - cos 0f + [£ 0 + (L/2) sin 0f . 

If the angle 0is small we may approximate cos #with 1 and sin #with 0in radians. Then 
the length of the spring is given by £ ~ £ 0 +L0/2 and its elongation is Ax = L0/2. The 

force it exerts on the rod has magnitude F = kAx = kL0/2. Since 0 is small we may 
approximate the torque exerted by the spring on the rod by T = —FL/2, where the pivot 
point was taken as the origin. Thus T= -(kL 2 /4)0. The constant of proportionality C that 
relates the torque and angle of rotation is C = kL 2 /4. The rotational inertia for a rod 
pivoted at its center is / = mL 2 l\2, where m is its mass. See Table 10-2. Thus the period 
of oscillation is 

„ „ (7 „ \mÚ l\2 „ f^" 

T = 2kJ— = 2nJ — 5 = 2n.— . 

\C V kL 2 /4 V 3>t 


With m = 0.600 kg and k = 1850 N/m, we obtain T= 0.0653 s. 


52. (a) For the "physical pendulum" we have 


T=2w\l- 1 T=2ir lL ^ m!f 


mgh \j mgh 

If we substitute r for h and use item (i) in Table 10-2, we have 


_ 27t a 2 +b 2 

T = —j=A + r 

V Ur 

In the figure below, we plot T as a function of r, for a = 0.35 m and b = 0.45 m. 


2 
1.5 
I 

0.5 


0.1 0.2 0.3 0.4 0.5 


(b) The minimum of T can be located by setting its derivative to zero, dT I dr = Q . This 
yields 


a+b 1 (0.35 my + (0.45 m) 2 A1 , 
r = J =J- = 0.16 m. 


12 


12 


(c) The direction from the center does not matter, so the locus of points is a circle around 
the center, of radius [(a 2 + b 2 )/\2] 1 ' 2 . 


53. Replacing x and v in Eq. 15-3 and Eq. 15-6 with 9 and dO/dt, respectively, we identify 
4.44 rad/s as the angular frequency co. Then we evaluate the expressions at t = 0 and 
divide the second by the first: 


dWdt 


9 Jat t = 0 


= - &>tan(|) 


(a) The value of #at t = 0 is 0.0400 rad, and the value of dQ/dt then is -0.200 rad/s, so we 
are able to solve for the phase constant: 

<p= tan" 1 [0.200/(0.0400 x 4.44)] = 0.845 rad. 


(b) Once 0is determined we can plug back in to 0 O = 0 m cos§ to solve for the angular 
amplitude. We find 9 m = 0.0602 rad. 


54. We note that the initial angle is 0 o = T = 0.122 rad (though it turns out this value will 
cancel in later calculations). If we approximate the initial stretch of the spring as the arc- 
length that the corresponding point on the plate has moved through (x = rQ Q where r = 

1 2 

0.025 m) then the initial potential energy is approximately ^ kx = 0.0093 J. This should 

1 2 

equal to the kinetic energy of the plate ( ^ /co m where this co m is the maximum angular 

speed of the plate, not the angular frequency cg). Noting that the maximum angular speed 
of the plate is co m = co6 0 where co = 2nlT with T = 20 ms = 0.02 s as determined from the 

1 2 

graph, then we can find the rotational inertial from ^ I co m = 0.0093 J. Thus, 
/ = 1.3xl0~ 5 kg m 2 . 


55. (a) The period of the pendulum is given by T - In^JThngd , where / is its rotational 

inertia, m = 22.1 g is its mass, and d is the distance from the center of mass to the pivot 
point. The rotational inertia of a rod pivoted at its center is mL 1X2 with L = 2.20 m. 
According to the parallel-axis theorem, its rotational inertia when it is pivoted a distance 


2 2 

d from the center is / = mL l\2 + md . Thus, 


T-2< K /12 + rfÍ) =2tt l L2+Ud ' 


mgd \ 12gí/ 

Minimizing T with respect to d, dT/d(d)=0, we obtain d = L I VÍ2~ . Therefore, the 
minimum period T is 


T^lÊ+BiLgt^ H£ =2 x <3 2 - 20m > =2.26 s. 


mm 


12g(Z/VÍ2) ~ VVÍ2g ~ V VÍ2(9.80 m/s 2 ) 


(b) If d is chosen to minimize the period, then as L is increased the period will increase as 
well. 


(c) The period does not depend on the mass of the pendulum, so T does not change when 
m increases. 


56. The table of moments of inertia in Chapter 11, plus the parallel axis theorem found in 
that chapter, leads to 


I P = \MR 2 + Mh 2 = |(2.5kg)(0.21 m) 2 + (2.5 kg)(0.97 m) 2 = 2.41 kg-m 2 

where P is the hinge pin shown in the figure (the point of support for the physical 
pendulum), which is a distance h = 0.21 m + 0.76 m away from the center of the disk. 

(a) Without the torsion spring connected, the period is 


(b) Now we have two "restoring torques" acting in tandem to pull the pendulum back to 
the vertical position when it is displaced. The magnitude of the torque-sum is {Mgh + 
k)0 = I P a, where the small angle approximation (sin#= 0 in radians) and Newton's 
second law (for rotational dynamics) have been used. Making the appropriate adjustment 
to the period formula, we have 


The problem statement requires T = T' + 0.50 s. Thus, T' = (2.00 - 0.50)s = 1.50 s. 
Consequently, 




K = TfTi I P - Mgh = 18.5 N-m/rad . 


57. (a) We want to solve e btl2m = 1/3 for t. We take the natural logarithm of both sides to 
obtain -btllm = ln(l/3). Therefore, t = -(2m/b) ln(l/3) = (ImlV) ln 3. Thus, 


t = 


_ 2(1.50 kg) 


0.230 kg /s 


ln3 = 14.3 s. 


(b) The angular frequency is 


co = 


m Am 


8.00N/m (0.230 kg /s) 


1.50 kg 4(1.50 kg) 


= 2.31 rad/ s. 


The period is T=2nlco = (27t)/(2.31 rad/s) = 2.72 s and the number of oscillations is 

t/T=(U3 s)/(2.72 s) = 5.27. 


58. Referring to the numbers in Sample Problem 15-7, we have m = 0.25 kg, b = 0.070 
kg/s and T= 0.34 s. Thus, when t = 20T, the damping factor becomes 


e -bt/2m _ e -(0.070)(20)(0.34)/2(0.25) _ q^ç 


59. Since the energy is proportional to the amplitude squared (see Eq. 15-21), we find the 
fractional change (assumed small) is 

E' — E dE dxt 2x„,dx m _2^ x m 


E xi x 2 


Thus, if we approximate the fractional change in Xfn eis dxjxm, then the above calculation 
shows that multiplying this by 2 should give the fractional energy change. Therefore, if 
x m decreases by 3%, then E must decrease by 6.0 %. 


60. (a) From Hooke's law, we have 


(500 kg)Í9.8 m/s 2 ) 

k = - ^ ^- = 4.9xl0 2 N/cm. 

lOcm 


(b) The amplitude decreasing by 50% during one period of the motion implies 

e -«72»=I W here T = —. 
2 co' 

Since the problem asks us to estimate, we let co' ' ~ co = yjkl m. That is, we let 


, 49000N/m nn , , 

ú)'~ -9.9rad/s, 

V 500 kg 

so that T ~ 0.63 s. Taking the (natural) log of both sides of the above equation, and 
rearranging, we find 

è= 2^ ln2 ^ 2(500kg) ixiQ3 
T 0.63 s v ; 

Note: if one worries about the co ~ co approximation, it is quite possible (though messy) 
to use Eq. 15-43 in its full form and solve for b. The result would be (quoting more 
figures than are significant) 


21n2Vm£ ino , , , 
b = , =1086 kg/s 

A /(ln2) 2 +47t 2 

which is in good agreement with the value gotten "the easy way" above. 


61. (a) We set co = a>d and find that the given expression reduces to x m = FJbco at 
resonance. 

(b) In the discussion immediately after Eq. 15-6, the book introduces the velocity 
amplitude v m = cac m . Thus, at resonance, we have v m = coFJbco= FJb. 


62. With co = 27i/rthen Eq. 15-28 can be used to calculate the angular frequencies for the 
given pendulums. For the given range of 2.00 < co < 4.00 (in rad/s), we find only two of 
the given pendulums have appropriate values of co: pendulum (d) with length of 0.80 m 
(for which co = 3.5 rad/s) and pendulum (e) with length of 1.2 m (for which co = 2.86 
rad/s). 


63. WithM = 1000 kg and m = 82 kg, we adapt Eq. 15-12 to this situation by writing 


2n 


T \M + 4m 


If d = 4.0 m is the distance traveled (at constant car speed v) between impulses, then we 
may write T = v/d, in which case the above equation may be solved for the spring 
constant: 

2kv k , , , , . x f 2kv 


d \M + 4m 


k = (M + 4m) 


Before the people got out, the equilibrium compression is x t = (M + 4m)g/k, and 
afterward it is X/= Mg/k. Therefore, with v = 16000/3600 = 4.44 m/s, we find the rise of 
the car body on its suspension is 

4mg _ 4mg ( d 


X:—X, 


M+4m 


2nv 


0.050 m. 


64. Its total mechanical energy is equal to its maximum potential energy ^ kx m , and its 

1 2 

potential energy at t = 0 is -^kx 0 where x 0 = x m cos(jt/5) in this problem. The ratio is 
therefore cos 2 (rc/5) = 0.655 = 65.5%. 


65. (a) From the graph, we find x m = 7.0 cm = 0.070 m, and T = 40 ms = 0.040 s. Thus, 
the angular frequency is Cfl = 2nlT= 157 rad/s. Using m = 0.020 kg, the maximum kinetic 

■ 2 1 2 2 

energy is then ^mv = jfflO) x ffl =1.2J. 

(b) Using Eq. 15-5, we have /= co/271 = 50 oscillations per second. Of course, Eq. 15-2 
can also be used for this. 


66. (a) From the graph we see that x m = 7.0 cm = 0.070 m and T = 40 ms = 0.040 s. The 
maximum speed is x m co = x m 2n/T = 1 1 m/s. 

(b) The maximum acceleration is x m (ú 2 = x m (2nlT) 2 = 1.7 x 10 3 m/s 2 . 


67. Setting 15 mJ (0.015 J) equal to the maximum kinetic energy leads to v max = 0.387 
m/s. Then one can use either an "exact" approach using v max = ^2gL(\ - cos(0 max )) or the 
"SHM" approach where 

max 

to find L. Both approaches lead to L = 1 .53 m. 


68. Since co = 2nf where /= 2.2 Hz, we find that the angular frequency is cd= 13.8 rad/s. 


Thus, with x 
a ratio: 


0.010 m, the acceleration amplitude is a m =x m co =1.91 m/s . We set up 


a = 


\S ) 


8 = 


(—) 

.9.8; 


g = 0.19g. 


69. (a) Assume the bullet becomes embedded and moves with the block before the block 
moves a significant distance. Then the momentum of the bullet-block system is 
conserved during the collision. Let m be the mass of the bullet, M be the mass of the 
block, v 0 be the initial speed of the bullet, and v be the final speed of the block and bullet. 
Conservation of momentum yields mv 0 = (m + M)v, so 

mv 0 _ (0.050 kg)(150 m/s) _ l g5m/s 


m+M 0.050 kg + 4.0 kg 

When the block is in its initial position the spring and gravitational forces balance, so the 
spring is elongated by Mg/k. After the collision, however, the block oscillates with simple 
harmonic motion about the point where the spring and gravitational forces balance with 
the bullet embedded. At this point the spring is elongated a distance £ = (M+m)g/k, 
somewhat different from the initial elongation. Mechanical energy is conserved during 
the oscillation. At the initial position, just after the bullet is embedded, the kinetic energy 
is j(M+m)v 2 and the elastic potential energy is \k{Mgl k) 2 . We take the gravitational 
potential energy to be zero at this point. When the block and bullet reach the highest 
point in their motion the kinetic energy is zero. The block is then a distance y m above the 
position where the spring and gravitational forces balance. Note that y m is the amplitude 
of the motion. The spring is compressed by y m - i , so the elastic potential energy is 

jk(y m -£) 2 . The gravitational potential energy is (M + m)gy m . Conservation of 
mechanical energy yields 

|(M+m)v 2 +\l{jf) = \k{y m -i) 2 +(M+m)gy m . 

We substitute i = (M+m)g/ k. Algebraic manipulation leads to 


(m + M)v 2 mg 2 ,„ , , , 


(0.050 kg + 4.0 kg)(1.85 m/s) 2 _ (0-050 kg) ( 9.8 m /s') ^ 

500N/m (500N/m) 2 5J 

= 0.166 m. 

(b) The original energy of the bullet is E 0 = \mv 2 0 = ^(0.050 kg)(150 m/s) 2 = 563 J. The 
kinetic energy of the bullet-block system just after the collision is 

E = ^(m + M)v 2 = |(0.050 kg + 4.0 kg)(1.85 m/s) 2 = 6.94 J. 

Since the block does not move significantly during the collision, the elastic and 
gravitational potential energies do not change. Thus, E is the energy that is transferred. 
The ratio is 

E/E 0 = (6.94 J)/(563 J) = 0.0123 or 1.23%. 


70. (a) We note that 


(ú = -4kMi = ^1500/0.055 = 165.1 rad/s. 

We consider the most direct path in each part of this problem. That is, we consider in 
part (a) the motion directly from x\ = +0.800x m at time t\ to x 2 = +0.600x m at time t 2 
(as opposed to, say, the block moving from x\ = +0.800x m through x = +0.600x m , through 
x = 0, reaching x = -x m and after returning back through x = 0 then getting to x 2 = 
+0.600x m ). Eq. 15-3 leads to 

m + <\> = cos _1 (0.800) = 0.6435 rad 

(út 2 + <|) = cos _1 (0.600) = 0.9272 rad . 

Subtracting the first of these equations from the second leads to 

co(7 2 - h) = 0.9272 - 0.6435 = 0.2838 rad . 

Using the value for co computed earlier, we find t 2 -h= 1.72 x 10~ 3 s. 

(b) Let t 3 be when the block reaches x = -0.800x m in the direct sense discussed above. 
Then the reasoning used in part (a) leads here to 

&(h -h)= ( 2.498 1 - 0.6435) rad = 1 .8546 rad 


and thus to h - h = 1 1 .2 x 10 3 s. 


71. (a) The problem gives the frequency /= 440 Hz, where the SI unit abbreviation Hz 
stands for Hertz, which means a cycle-per-second. The angular frequency co is similar to 
frequency except that co is in radians-per-second. Recalling that 2n radians are equivalent 
to a cycle, we have co= 2nf~ 2.8x10 rad/s. 

(b) In the discussion immediately after Eq. 15-6, the book introduces the velocity 
amplitude v m = cac m . With x m = 0.00075 m and the above value for co, this expression 
yields v m = 2.1 m/s. 

(c) In the discussion immediately after Eq. 15-7, the book introduces the acceleration 
amplitude a m = cíx m , which (if the more precise value co = 2765 rad/s is used) yields a m = 
5.7 km/s. 


72. (a) The textbook notes (in the discussion immediately after Eq. 15-7) that the 
acceleration amplitude is a m = a?x m , where co is the angular frequency (a>= 2n f since 
there are 2n radians in one cycle). Therefore, in this circumstance, we obtain 

a m = (2ti(1000 Hz)) 2 (0.00040 m) = 1.6xl0 4 m/s 2 . 

(b) Similarly, in the discussion after Eq. 15-6, we find v m = atx m so that 

v m =(2tt(1000 Hz))(0.00040 m) = 2.5 m/s. 

(c) From Eq. 15-8, we have (in absolute value) 

|a|=(27i(l000 Hz)) 2 (0.00020 m) = 7.9xl0 3 m/s 2 . 

(d) This can be approached with the energy methods of §15-4, but here we will use 
trigonometric relations along with Eq. 15-3 and Eq. 15-6. Thus, allowing for both roots 
stemming from the square root, 


sin(&tf + ^) = ± A yi-cos 2 (íWf + ^) =í> = ± J 1 — Y- 


Taking absolute values and simplifying, we obtain 

\v\=2nf^xl-x 2 =2^(1000) Vo.00040 2 - 0.00020 2 = 2.2 m/s. 


73. (a) The rotational inertia is / = \MR 2 = £(3.00 kg)(0.700 m) 2 = 0.735 kg - m 2 . 

(b) Using Eq. 15-22 (in absolute value), we find 

t 0.0600 N-m nMin ^ . , 

K=- = = 0.0240 N m/rad. 

0 2.5 rad 

(c) Using Eq. 15-5, Eq. 15-23 leads to 


\k 0.024N-m/rad „ 1Q1 

co- A—- — = 0.181 rad/s. 

V/ V 0.735kg-m 2 


74. (a) We use Eq. 15-29 and the parallel-axis theorem / = I cm + mh where h = R = 0. 126 
m. For a solid disk of mass m, the rotational inertia about its center of mass is I cm = mR 2 /2. 
Therefore, 

T = 2J mR2 ' 2+mRl =2* &0.873S. 

\ mgR \ 2g 

(b) We seek a value oír^R such that 

2ti J =271 

and are led to the quadratic formula: 


3R±J(3R) 2 -SR 2 R 

r = ^ — = R or — . 

4 2 



Thus, our result is r = 0.126/2 = 0.0630 m. 


75. (a) The frequency for small amplitude oscillations is / = (1/ 2%)*Jg/ L, where L is 
the length of the pendulum. This gives 


f = {\l 27i)V(9.80m/s 2 )/(2.0 m) = 0.35 Hz. 

(b) The forces acting on the pendulum are the tension force T of the rod and the force of 
gravity mg. Newton' s second law yields T + mg - ma, where m is the mass and a is the 
acceleration of the pendulum. Let ã = ã e + a', where a e is the acceleration of the elevator 
and a' is the acceleration of the pendulum relative to the elevator. Newton's second law 
can then be written m(g -a e ) + T = ma . Relative to the elevator the motion is exactly 
the same as it would be in an inertial frame where the acceleration due to gravity is g — a e . 
Since g and a e are along the same line and in opposite directions we can find the 
frequency for small amplitude oscillations by replacing g with g + a e in the expression 
/ = (l/27t)Vg7X.Thus 


,_-L ÊK_J- M-/.' + 2W 
2n V L 2n\ 2.0m 

(c) Now the acceleration due to gravity and the acceleration of the elevator are in the 
same direction and have the same magnitude. That is, g - a e = 0 . To find the frequency 

for small amplitude oscillations, replace g with zero in / = (1 / 2n)Jgl L . The result is 
zero. The pendulum does not oscillate. 


76. Since the particle has zero speed (momentarily) at x ■£ 0, then it must be at its turning 
point; thus, x 0 = x m = 0.37 cm. It is straightforward to infer from this that the phase 
constant 0 in Eq. 15-2 is zero. Also,/= 0.25 Hz is given, so we have co = 2nf= n/2 rad/s. 
The variable t is understood to take values in seconds. 

(a) The period is T= \lf= 4.0 s. 

(b) As noted above, a>= n/2 rad/s. 

(c) The amplitude, as observed above, is 0.37 cm. 

(d) Eq. 15-3 becomes x = (0.37 cm) cos(nt/2). 

(e) The derivative of x is v = -(0.37 cm/s)(n/2) sin(jW/2) « (-0.58 cm/s) sm(nt/2). 

(f) From the previous part, we conclude v m = 0.58 cm/s. 

(g) The acceleration-amplitude is a m = cíx m = 0.91 cm/s 2 . 

(h) Making sure our calculator is in radians mode, we find x = (0.37) cos(7t(3.0)/2) = 0. It 
is important to avoid rounding off the value of n in order to get precisely zero, here. 


(i) With our calculator still in radians mode, we obtain v = -(0.58 cm/s)sin(7t(3.0)/2) = 
0.58 cm/s. 


77. Since T = 0.500 s, we note that eo= 2n/T= An rad/s. We work with SI units, so m 
0.0500 kg and v m = 0.150 m/s. 


(a) Since co = y/k/ m, the spring constant is 

k = co 2 m = (An rad/s) 2 (0.0500 kg) = 7.90 N/m. 

(b) We use the relation v m = x m co and obtain 

* m =^ = — = 0.0119 m. 
m co An 

(c) The frequency is /= cdln = 2.00 Hz (which is equivalent to /= 1/7). 


78. (a) Hooke's law readily yields (0.300 kg)(9.8 m/s 2 )/(0.0200 m) = 147 N/m. 
(b) With m = 2.00 kg, the period is 


T = 2nÁ— = 0.733 s. 


79. Using Am = 2.0 kg, T\ = 2.0 s and T 2 = 3.0 s, we write 


T,-2nA — and T 7 -2n. 

1 \k 2 \ k 


Dividing one relation by the other, we obtain 


i 


m + Am 


m 


which (after squaring both sides) simplifies to m ■ 


Am 


80. (a) Comparing with Eq. 15-3, we see 0) = 10 rad/s in this problem. Thus,/= gjIItz = 


(b) Since v m = cac m andx m = 10 cm (see Eq. 15-3), then v m = (10 rad/s)(10 cm) =100 cm/s 
or 1.0 m/s. 

(c) The maximum occurs at t = 0. 

.2 2 2 2 

(d) Since a m = arx m then v m = (10 rad/s) (10 cm) = 1000 cm/s or 10 m/s . 

(e) The acceleration extremes occur at the displacement extremes: x = ±x m orx = ±10 cm. 

(f) Using Eq. 15-12, we find 


1.6 Hz. 



Thus, Hooke's law gives F = -kx = -lOx in SI units. 


81. (a) We require U -\E at some value ofx. Using Eq. 15-21, this becomes 


1 


— kx 1 = — 
2 2 


1 


— kx 2 m 

2m 
J 


V2"' 


We compare the given expression x as a function of t with Eq. 15-3 and find x m = 5.0 m. 
Thus, the value of x we seek is x = 5.0 / V2 =3.5m. 


(b) We solve the given expression (with x = 5.0 / -Jl ), making sure our calculator is in 
radians mode: 

f 1 


71 3 | 

t = — + — cos 

4 71 


^1 = 1.54 s. 


Since we are asked for the interval t eq - t where t eq specifies the instant the particle passes 
through the equilibrium position, then we set x = 0 and find 


t ea =- + -cos-'(0) = 2.29 s. 
eq 4 ti w 


Consequently, the time interval is t eq -t= 0.75 s. 


82. The distance from the relaxed position of the bottom end of the spring to its 
equilibrium position when the body is attached is given by Hooke's law: 


Ax = F/k= (0.20 kg)(9.8 m/s 2 )/(19 N/m) = 0.103 m. 

(a) The body, once released, will not only fali through the Ax distance but continue 
through the equilibrium position to a "turning point" equally far on the other side. Thus, 
the total descent of the body is 2Áx = 0.21 m. 

(b) Since / = ca/2n, Eq. 15-12 leads to 

/ = — JÉ = 1.6 Hz. 
2 Ji V m 

(c) The maximum distance from the equilibrium position is the amplitude: x m = Ax = 0.10 
m. 


83. We use v m = 0K m = 2nfx m , where the frequency is 180/(60 s) = 3.0 Hz and the 
amplitude is half the stroke, or x m = 0.38 m. Thus, 


v m = 27t(3.0 Hz)(0.38 m) = 7.2 m/s. 


84. (a) The rotational inertia of a hoop is /= mR , and the energy of the system becomes 

E = -Ico 2 + -kx 2 
2 2 

and #is in radians. We note that rco=v (where v = dxldi). Thus, the energy becomes 


E = 


v r J 


v 2 +-kx 2 
2 


which looks like the energy of the simple harmonic oscillator discussed in §15-4 z/we 

2 2 

identify the mass m in that section with the term mR Ir appearing in this problem. 
Making this identification, Eq. 15-12 yields 


co = 


r k 


mR 2 Ir 2 R \ m 


(b) If r = R the result of part (a) reduces to co = y/k/ m 


(c) And if r = 0 then co = 0 (the spring exerts no restoring torque on the wheel so that it is 
not brought back towards its equilibrium position). 


85. (a) Hooke's law readily yields 

k = (15 kg)(9.8 m/s 2 )/(0.12 m ) = 1225 N/m. 

Rounding to three significant figures, the spring constant is therefore 1.23 kN/m. 

(b) We are told /= 2.00 Hz = 2.00 cycles/sec. Since a cycle is equivalent to 2n radians, 
we have O) = 27t(2.00) = 4n rad/s (understood to be valid to three significant figures). 
Using Eq. 15-12, we find 



Consequently, the weight of the package is mg = 76.0 N. 


86. (a) First consider a single spring with spring constant k and unstretched length L. One 
end is attached to a wall and the other is attached to an object. If it is elongated by Ax the 
magnitude of the force it exerts on the object is F = k Ax. Now consider it to be two 
springs, with spring constants k\ and k 2 , arranged so spring 1 is attached to the object. If 
spring 1 is elongated by Axi then the magnitude of the force exerted on the object is F = 
ki Ax\. This must be the same as the force of the single spring, so k Ax = k\ Ax\. We must 
determine the relationship between Ax and Axi. The springs are uniform so equal 
unstretched lengths are elongated by the same amount and the elongation of any portion 
of the spring is proportional to its unstretched length. This means spring 1 is elongated by 
Axi = CL\ and spring 2 is elongated by Ax2 = CL 2 , where C is a constant of 
proportionality. The total elongation is 


Ax = Axi + Ax 2 = C(Li + L 2 ) = CL 2 (n + 1), 


where L\ = nL 2 was used to obtain the last form. Since L 2 = L\ln, this can also be written 
Ax = CL\{n + \)ln. We substitute Axi = CL\ and Ax = CL\{n + \)ln into k Ax = k\ Axi and 
solve for k\. With k = 8600 N/m and n = L y IL 2 = 0.70, we obtain 


n+l 

V n ) 


k = 


0.70+1.0 
0.70 


(8600 N/m) = 20886 N/m = 2.1xl0 4 N/m 


(b) Now suppose the object is placed at the other end of the composite spring, so spring 2 
exerts a force on it. Now k Ax = k 2 Ax 2 . We use Ax 2 = CL 2 and Ax = CL 2 (n +1), then 
solve for k 2 . The result is k 2 = k(n +1). 


k 2 = (n+\)k = (0.70+1 .0)(8600 N/m) = 14620 N/m - 1 .5xl0 4 N/m 


(c) To find the frequency when spring 1 is attached to mass m, we replace k in 
(1 / 2n)4k~Tm with k(n + \)ln. With/ = (1 / 2n)yjklm , we obtain, for / = 200 Hz and n = 
0.70 



1 Kn + Dk /n+l, 10.70+1.0 , , , _ 2 


0.70 


(200 Hz) = 3. 1x10' Hz. 


(d) To find the frequency when spring 2 is attached to the mass, we replace k with k(n + 1) 
to obtain 

f 2 = — x r +V>k =>/w+T/ = V0.70 + 1.0(200 Hz) = 2.6xl0 2 Hz. 
2k v m 


87. The magnitude of the downhill component of the gravitational force acting on each 
ore car is 

w x =(10000 kg)(9.8 m/s 2 )sin<9 


where 0 = 30° (and it is important to have the calculator in degrees mode during this 
problem). We are told that a downhill pull of Icd* causes the cable to stretch x = 0.15 m. 
Since the cable is expected to obey Hooke's law, its spring constant is 

£ = !^l = 9.8x10 5 N/m. 

x 

(a) Noting that the oscillating mass is that of two of the cars, we apply Eq. 15-12 (divided 
by 27i). 

cd 1 [k 1 /9.8xl0 5 N/m 


/ = — = — J— = — J- = 1.1 Hz. 

2k 2K\m 2n\ 20000 kg 

(b) The difference between the equilibrium positions of the end of the cable when 
supporting two as opposed to three cars is 

3w — 2w 
Ax = ^ ^ = 0.050 m. 


88. Since the centripetal acceleration is horizontal and Earth's gravitational g is 
downward, we can define the magnitude of an "effective" gravitational acceleration using 
the Pythagorean theorem: 

g eff =Jg 2 Hv 2 /R) 2 - 

Then, since frequency is the reciprocai of the period, Eq. 15-28 leads to 

2k V L 2k\ L 
With v = 70 m/s, R = 50m, andZ = 0.20 m, we have /«3.5 s" 1 =3.5 Hz. 


89. (a) The spring stretches until the magnitude of its upward force on the block equals 
the magnitude of the downward force of gravity: ky = mg, where y = 0.096 m is the 
elongation of the spring at equilibrium, k is the spring constant, and m = 1.3 kg is the 
mass of the block. Thus 


(c) The frequency is /= \IT= 1/0.62 s = 1.6 Hz. 

(d) The block oscillates in simple harmonic motion about the equilibrium point 
determined by the forces of the spring and gravity. It is started from rest 5.0 cm below the 
equilibrium point so the amplitude is 5.0 cm. 

(e) The block has maximum speed as it passes the equilibrium point. At the initial 
position, the block is not moving but it has potential energy 

U. = -mgy i +^kyf = -(1.3 kg)(9.8 m/s 2 )(0.146 m) + ^(133 N/m)(0.146 m) 2 =-0.44 J. 

When the block is at the equilibrium point, the elongation of the spring is y = 9.6 cm and 
the potential energy is 

U f = -mgy + ^ky 2 = -(1.3 kg) (9.8 m/s 2 ) (0.096 m) + |(133 N/m)(0.096 m) 2 =-0.61 J. 
We write the equation for conservation of energy as U i = U f + j mv 2 and solve for v: 


k = mg/y = (1.3 kg)(9.8 m/s 2 )/(0.096 m) = 1.33 xl0 2 N/m. 


(b) The period is given by 




90. (a) The Hooke's law force (of magnitude (100)(0.30) = 30 N) is directed upward and 
the weight (20 N) is downward. Thus, the net force is 10 N upward. 


(b) The equilibrium position is where the upward Hooke's law force balances the weight, 
which corresponds to the spring being stretched (from unstretched length) by 20 N/100 
N/m = 0.20 m. Thus, relative to the equilibrium position, the block (at the instant 
described in part (a)) is at what one might call the bottom turning point (since v = 0) at x 
= -x m where the amplitude is x m = 0.30 - 0.20 = 0.10 m. 

(c) Using Eq. 15-13 with m = W/g ~ 2.0 kg, we have 


(d) The maximum kinetic energy is equal to the maximum potential energy \kx 2 m . Thus, 



K m =U m =-(100N/m)(0.10 m) 2 = 0.50 J. 


91. We note that for a horizontal spring, the relaxed position is the equilibrium position 
(in a regular simple harmonic motion setting); thus, we infer that the given v = 5.2 m/s at 


(a) Since 0) = 2nf, we find /= 3.2 Hz. 

(b) We have v m = 5.2 m/s = (20 rad/s)x m , which leads to x m = 0.26 m. 

(c) With meters, seconds and radians understood, 

x = (0.26 m)cos(20í + ^) 
v = -(5 .2 m/s) sin(20í + <f>) . 

The requirement that x = 0 at t = 0 implies (from the first equation above) that either <p = 
+7i/2 or 0 = -%/2. Only one of these choices meets the further requirement that v > 0 when 
t = 0; that choice is 0 = -%/2. Therefore, 


x = 0 is the maximum value v m (which equals OK m where (ú 


y/k/ m = 20 rad/ s). 



92. (a)Eq. 15-21 leads to 

. 1,2 Í2Ê \ 2(4.0 J) A „ A 

E = -kx L => x = J = — ^- = 0.20 m. 

2 m \ k \ 200 N/m 

(b) Since 7 = 2n4mlk = 2^0.80 kg/200 N/m « 0.4 s , then the block completes 
10/0.4 = 25 cycles during the specified interval. 

(c) The maximum kinetic energy is the total energy, 4.0 J. 

(d) This can be approached more than one way; we choose to use energy conservation: 

E = K + U^> 4.0 = -mv 2 +-kx 2 . 

2 2 

Therefore, when x = 0. 15 m, we find v = 2. 1 m/s. 


93. The time for one cycle is T= (50 s)/20 = 2.5 s. Thus, from Eq. 15-23, we find 


l=K 


(T_ 
2n 


(0.50) 


(2S\ 
2k) 


0.079 kg m 2 


94. The period formula, Eq. 15-29, requires knowing the distance h from the axis of 
rotation and the center of mass of the system. We also need the rotational inertia / about 
the axis of rotation. From the figure, we see h = L + R where R = 0.15 m. Using the 
parallel-axis theorem, we find 

I = -MR 2 +M(L + R) 2 , 
2 V ' 

where M = 1.0 kg. Thus, Eq. 15-29, with T= 2.0 s, leads to 


2.0 = 271, 


MR 2 + M(L + R) 
Mg{L + R) 


which leads to L = 0.8315 m. 


95. (a) By Eq. 15-13, the mass of the block is 


m b =-\ = 2.43 kg. 

471 

Therefore, with m p = 0.50 kg, the new period is 


\m n +m h 
T = 2kJ p - =0.44 s. 

(b) The speed before the collision (since it is at its maximum, passing through 
equilibrium) is v 0 = x m OJa where 6* = 2%/To; thus, v 0 = 3.14 m/s. Using momentum 
conservation (along the horizontal direction) we find the speed after the collision. 

V = v 0 h - — = 2.61 m/s. 

m p +m b 

The equilibrium position has not changed, so (for the new system of greater mass) this 
represents the maximum speed value for the subsequent harmonic motion: V = x' m co 
where co= 2n/T= 14.3 rad/s. Therefore, x ' m = 0.18 m. 


96. (a) Hooke's law provides the spring constant: k = (20 N)/(0.20 m) = l.OxlO 2 N/m. 

(b) The attached mass is m = (5.0 N)/(9.8 m/s 2 ) = 0.51 kg. Consequently, Eq. 15-13 leads 
to 


T = 2x. ™=2n -^1^ = 0.45 s. 
V 100 N/m 


97. (a) Hooke's law provides the spring constant: 

k = (4.00 kg)(9.8 m/s 2 )/(0.160 m ) = 245 N/m. 
(b) The attached mass is m = 0.500 kg. Consequently, Eq. 15-13 leads to 

7=2^ = 2,^ = 0.284, 
\k V 245 


98. (a) We are told that when t-4T, with T = 2n I co' ~ 2%-Jm I k (neglecting the second 
term in Eq. 15-43), 

3 


-bt/2m _ 


Thus, 


T = 27T A /(2.00kg)/(10.0N/m) = 2.81 s 


and we find 


b(4T) 
2m 


ln 


ía\ 


v ~v 


0.288 


2(2.00 kg)(0.288) 

b = -± — ^ = 0.102 kg/s. 

4 2.81 s 


(b) Initially, the energy is E 0 = \kx 2 mo = |(10.0)(0.250) 2 = 0.313 J . At t = AT, 


E = \k{\x mo f =0.1161. 


Therefore, E 0 -E= 0.137 J. 


99. Since d m is the amplitude of oscillation, then the maximum acceleration being set to 
0.2g provides the condition: co d m = 0.2g. Since d s is the amount the spring stretched in 
order to achieve vertical equilibrium of forces, then we have the condition kd s = mg. 
Since we can write this latter condition as m(ú 2 d s = mg, then co 2 = g/d s . Plugging this into 
our first condition, we obtain 


d s = d m /0.2 = (10 cm)/0.2 = 50 cm. 


2 2 

100. We note (from the graph) that a m = CG x m = 4.00 cm/s . Also the value at t = 0 is a 0 = 
1.00 cm/s 2 . Then Eq. 15-7 leads to 

0 = cos _1 (-l .00/4.00) = +1 .82 rad or - 4.46 rad. 

The other "root" (+4.46 rad) can be rejected on the grounds that it would lead to a 
negative slope at t = 0. 


101. (a) The graphs suggest that T = 0.40 s and r = 4/0.2 = 0.02 N-m/rad. With these 
values, Eq. 15-23 can be used to determine the rotational inertia: 

/= K^IAn 2 = 8.11 x IO" 5 kgm 2 . 

(b) We note (from the graph) that # max = 0.20 rad. Setting the maximum kinetic energy 

1 2 

( 2 IcOmax ) equal to the maximum potential energy (see the hint in the problem) leads to 
6W = 6Lixa/k// =3.14 rad/s. 


102. The angular frequency of the simple harmonic oscillation is given by Eq. 15-13: 


co= - 
V m 


Thus, for two different masses m l and m 2 , with the same spring constant k, the ratio of 
the frequencies would be 

co x _ y jk/m 1 _ jõtT 


co 2 jkl 


nu 


In our case, with m l =m and m 2 = 2.5m , the ratio is 


CO-, 


'2 _ 


= V2.5 =1.58 


103. For simple harmonic motion, Eq. 15-24 must reduce to 


T = -L(F g úné)^-L(F g é) 


where #is in radians. We take the percent difference (in absolute value) 


(-LF g úne)-{-LF g é) 


= 1 


d 


-LF n sin# 


sin# 


and set this equal to 0.010 (corresponding to 1.0%). In order to solve for #(since this is 
not possible "in closed form"), several approaches are available. Some calculators have 
built-in numerical routines to facilitate this, and most math software packages have this 
capability. Alternatively, we could expand sin#= 0- # 3 /6 (valid for small 6) and thereby 
find an approximate solution (which, in turn, might provide a seed value for a numerical 
search). Here we show the latter approach: 


1 


d 


= 0.010^ 


1 


-1.010 



which leads to 6> = ^6(0M/\.0l) =0.24 rad = 14.0° . A more accurate value (found 
numerically) for the #value which results in a 1.0% deviation is 13.986°. 


104. (a) The graph makes it clear that the period is T= 0.20 s. 

(b) The period of the simple harmonic oscillator is given by Eq. 15-13: 

Thus, using the result from part (a) with k = 200 N/m, we obtain m = 0.203 ~ 0.20 kg. 

(c) The graph indicates that the speed is (momentarily) zero at t = 0, which implies that 
the block is at xq = ±x m . From the graph we also note that the slope of the velocity curve 
(hence, the acceleration) is positive at t = 0, which implies (from ma = -kx) that the value 
ofx is negative. Therefore, withx„, = 0.20 m, we obtain x 0 = -0.20 m. 

(d) We note from the graph that v = 0 at t = 0.10 s, which implied a = ±a m = ±ú?x m . Since 
acceleration is the instantaneous slope of the velocity graph, then (looking again at the 

graph) we choose the negative sign. Recalling cí = k/m we obtain a = -197 = -2.0 *10 2 
m/s 2 . 

(e) The graph shows v m = 6.28 m/s, so 


K m =^mv 2 m =4.0 J. 


105. (a) From the graph, it is clear that x m = 0.30 m. 

(b) With F = -kx, we see k is the (negative) slope of the graph — which is 75/0.30 = 250 
N/m. Plugging this into Eq. 15-13 yields 


V k 

(c) As discussed in § 15-2, the maximum acceleration is 

k 

a„=co 1 x l =—x m =1.5xl0 2 m/s 2 . 

m m m 

m 

Alternatively, we could arrive at this result using a m = (2tí/T) 2 x m . 

(d) Also in § 15-2 is v m = OJx m so that the maximum kinetic energy is 




which yields 11.3 ~ 11 J. We note that the above manipulation reproduces the notion of 
energy conservation for this system (maximum kinetic energy being equal to the 
maximum potential energy). 


106. (a) The potential energy at the turning point is equal (in the absence of friction) to 
the total kinetic energy (translational plus rotational) as it passes through the equilibrium 
position: 


-kx 2 m =-Mv 2 cm +-/> 2 = -Mv 2 m +- 
2 m ^ ^ 2 2 


1 9 

-Mi? 2 

v2 


V v \ 

cm 


113 

= - Mv i + - Mv L = - Mv L 


which leads to Mv 2 cm =2kx 2 1 /3 = 0.125 J. The translational kinetic energy is therefore 
iMv c 2 m =kx 2 m /3 = 0.0625 J. 

(b) And the rotational kinetic energy is \Mv] m =kx 2 m /6 = 0.03 125 J = 3. 13xl0" 2 J . 

(c) In this part, we use v cm to denote the speed at any instant (and not just the maximum 
speed as we had done in the previous parts). Since the energy is constant, then 


dE L _d_ í 
dt dt 


-Mv 2 


^ d' 
+ — 
dt 


j 


—kx 2 


v- 


-Mv cm a cm +kxv cm =0 


which leads to 


(2k\ 


Comparing with Eq. 15-8, we see that co = -Jlkl 3M for this system. Since co = 2n/T, we 
obtain the desired result: T = 2n^3M/ 2k . 


107. (a)FromEq. 16-12, T = 2njm/k = 0.45 s. 


(b) For a vertical spring, the distance between the unstretched length and the equilibrium 
length (with a mass m attached) is mg/k, where in this problem mg = 10 N and k = 200 
N/m (so that the distance is 0.05 m). During simple harmonic motion, the convention is to 
establish x = 0 at the equilibrium length (the middle levei for the oscillation) and to write 
the total energy without any gravity term; i.e., 

E = K + U , 

where U = kx 2 /2. Thus, as the block passes through the unstretched position, the energy 
is E = 2.0 + jA:(0.05) 2 =2.25 J. At its topmost and bottommost points of oscillation, the 
energy (using this convention) is ali elastic potential: \kx 2 m . Therefore, by energy 
conservation, 

2.25 = ^kx 2 m ^x m = ±0.15 m. 

This gives the amplitude of oscillation as 0.15 m, but how far are these points from the 
unstretched position? We add (or subtract) the 0.05 m value found above and obtain 0.10 
m for the top-most position and 0.20 m for the bottom-most position. 

(c) As noted in part (b), x m = ±0.15 m. 

(d) The maximum kinetic energy equals the maximum potential energy (found in part (b)) 
and is equal to 2.25 J. 


108. Using Eq. 15-12, we find co = -Jk / m = 10 rad/ s. We also use v m = x m co and a m = 
x m cí. 

(a) The amplitude (meaning "displacement amplitude") is x m = v m lco= 3/10 = 0.30 m. 

2 2 

(b) The acceleration-amplitude is a m = (0.30 m)(10 rad/sr = 30 m/s z . 

(c) One interpretation of this question is "what is the most negative value of the 
acceleration?" in which case the answer is -a m = -30 m/s 2 . Another interpretation is 
"what is the smallest value of the absolute-value of the acceleration?" in which case the 
answer is zero. 


(d) Since the period is T= 2n/co= 0.628 s. Therefore, seven cycles of the motion requires 
t=7T=4As. 


[09. The mass i s /// = °; 108 k g =1.8xl0 -25 kg. Using Eq. 15-12 and the fact that/ : 


6.02x10 


23 


co/2n, we have 


lxlO 13 Hz = — J— ^yt = Í2^xl0 13 ) 2 íl.8xl0" 25 ) = 7xl0 2 N/m. 


110. (a) Eq. 15-28 gives _ 

T = 2kÈ = 2k 1^^ = 8.3 s. 
\g ^|9.8m/s 2 

(b) Plugging / = mL 2 into Eq. 15-25, we see that the mass m cancels out. Thus, the 
characteristics (such as the period) of the periodic motion do not depend on the mass. 


111. (a) The net horizontal force is F since the batter is assumed to exert no horizontal 
force on the bat. Thus, the horizontal acceleration (which applies as long as F acts on the 
bat) is a = Fim. 

(b) The only torque on the system is that due to F, which is exerted at P, at a distance 
L 0 -jL from C. Since L Q = 2L/3 (see Sample Problem 15-5), then the distance from C to 
P is jL-jL-jL. Since the net torque is equal to the rotational inertia (I = l/12mL 2 
about the center of mass) multiplied by the angular acceleration, we obtain 


(c) The distance from C to O is r = L/2, so the contribution to the acceleration at O 
stemming from the angular acceleration (in the counterclockwise direction of Fig. 15-11) 
is ar = jOd (leftward in that figure). Also, the contribution to the acceleration at O due to 
the result of part (a) is F/m (rightward in that figure). Thus, if we choose rightward as 
positive, then the net acceleration of O is 


(d) Point O stays relatively stationary in the batting process, and that might be possible 
due to a force exerted by the batter or due to a finely tuned cancellation such as we have 
shown here. We assumed that the batter exerted no force, and our first expectation is that 
the impulse delivered by the impact would make ali points on the bat go into motion, but 
for this particular choice of impact point, we have seen that the point being held by the 
batter is naturally stationary and exerts no force on the batter's hands which would 
otherwise have to "fight" to keep a good hold of it. 


_T_ F{\L) _2F 


I iV wiL 2 mL 



1 12. (a) A plot of x versus t (in SI units) is shown below: 

x 

0.02- a 
0.015^ / 1 

O.oi-: / 


-0.005 
-0.01 
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If we expand the plot near the end of that time interval we have 


x 



This is close enough to a regular sine wave cycle that we can estimate its period (T= 0.18 
s, so (0= 35 rad/s) and its amplitude (y m = 0.008 m). 

(b) Now, with the new driving frequency (C0d =13.2 rad/s), the x versus t graph (for the 
first one second of motion) is as shown below: 


A" 


It is a little more difficult in this case to estimate a regular sine-curve-like amplitude and 
period (for the part of the above graph near the end of that time interval), but we arrive at 
roughly y m = 0.07 m, T= 0.48 s, and co= 13 rad/s. 

(c) Now, with a>d = 20 rad/s, we obtain (for the behavior of the graph, below, near the end 
of the interval) the estimates: y m = 0.03 m, T= 0.31 s, and ú) = 20 rad/s. 


x 


2.K 2.K _i 

1 . (a) The angular wave number is k = — = = 3 .49 m . 

I 1.80m 


leu (1.80m)(110rad/s) 

(b) The speed of the wave is v = Af = = 

2n 2n 


2. The distance d between the beetle and the scorpion is related to the transverse speed v t 
and longitudinal speed v f as 

d = Vt = v e t e 

where t t and t t are the arrival times of the wave in the transverse and longitudinal 
directions, respectively. With v t = 50 m/s and v t =150 m/s , we have 

tj _ v t _ 150 m/s _ 3 
t t v t 50 m/s 

Thus, if 

Aí = t t -t t =3.0t t -t t =2.0t e =4.0xl0" 3 s ^=2.0xl0 _3 s, 


then í/ = = (150 m/s)(2.0xl0" 3 s) = 0.30 m = 30 cm. 


3. (a) The motion from maximum displacement to zero is one-fourth of a cycle so 0.170 s 
is one-fourth of a period. The period is T= 4(0.170 s) = 0.680 s. 


(b) The frequency is the reciprocai of the period: 


/ = — = — - — = 1.47Hz. 
T 0.680s 


(c) A sinusoidal wave traveis one wavelength in one period: 


X 1.40m , 

v = — = = 2.06 m/s . 

T 0.680s 1 


4. (a) The speed of the wave is the distance divided by the required time. Thus, 


v = seats _ sea t s / s » 22 seats/s . 
39 s 

(b) The width w is equal to the distance the wave has moved during the average time 
required by a spectator to stand and then sit. Thus, 


w = v t = (21 .87 seats/s)(l .8 s) « 39 seats . 


5. Let y x = 2.0 mm (corresponding to time t\) and y 2 = -2.0 mm (corresponding to time 
t 2 ). Then we find 

kx + 600h + <j)= sin _1 (2.0/6.0) 

and 

kx + 600í 2 + ^=sin _1 (-2.0/6.0) . 

Subtracting equations gives 

600(íi - t 2 ) = sin _1 (2.0/6.0) - sin _1 (-2.0/6.0). 
Thus we find h - h = 0.01 1 s (or 1.1 ms). 


6. Settingx = O in u = -coy m cos(kx - cot + 0) (see Eq. 16-21 or Eq. 16-28) gives 

u = -coy m cos(-cot+0) 

as the function being plotted in the graph. We note that it has a positive "slope" 
(referring to its í-derivative) at t = 0: 

£ = d (-(O y m cos(HD t+ j))) = _ ^ tf s . n( _^^ + ^ >0aW=0- 

This implies that - sin^ > 0 and consequently that (|) is in either the third or fourth 
quadrant. The graph shows (at t = 0) u = -4 m/s, and (at some later t) u mãX = 5 m/s. We 
note that M max = y m co. Therefore, 

u = -w max cos(- cot + 0)\ t = o => <t> = cos _1 (|)= ± 0.6435 rad 

(bear in mind that cos#= cos(-#)), and we must choose (f> = -0.64 rad (since this is 
about -37° and is in fourth quadrant). Of course, this answer added to 2mt is still a valid 
answer (where n is any integer), so that, for example, (f>= -0.64 + 2n= 5.64 rad is also 
an acceptable result. 


7. Using v =/X, we find the length of one cycle of the wave is 

X = 350/500 = 0.700 m = 700 mm. 

From /= Í/T, we find the time for one cycle of oscillation is T= 1/500 = 2.00 x 10 s = 
2.00 ms. 

(a) A cycle is equivalent to 2^radians, so that jtíZ rad corresponds to one-sixth of a cycle. 
The corresponding length, therefore, is X/6 = 700/6 = 117 mm. 

(b) The interval 1.00 ms is half of T and thus corresponds to half of one cycle, or half of 
2n rad. Thus, the phase difference is (l/2)2/r= ;rrad. 


8. (a) The amplitude is y m = 6.0 cm. 

(b) We find Â from 2nfk = 0.020^: Â= l.OxlO 2 cm. 

(c) Solving 27tf= co = 4.071, we obtain /= 2.0 Hz. 

(d) The wave speed is v = ty= (100 cm) (2.0 Hz) = 2.0xl0 2 cm/s. 

(e) The wave propagates in the -x direction, since the argument of the trig function is kx 
+ cot instead of kx - cot (as in Eq. 16-2). 

(f) The maximum transverse speed (found from the time derivative of y) is 

" max = 2nfy m = (4.0 7t s" 1 ) (6.0 cm) = 75 cm/s . 

(g) y(3.5 cm, 0.26 s) = (6.0 cm) sin[0.0207t(3.5) + 4.0ti(0.26)] = -2.0 cm. 


9. (a) Recalling from Ch. 12 the simple harmonic motion relation u m =y m (Q, we have 

<y = — ^- = 400rad/s. 
0.040 

Since co= litf, we obtain /= 64 Hz. 

(b) Using v = /X, we find Â = 80/64 = 1 .26 m « 1 .3 m . 

(c) The amplitude of the transverse displacement is y m =4.0 cm = 4.0xl0~ 2 m. 

(d) The wave number is k = IriA, = 5.0 rad/m. 

(e) The angular frequency, as obtained in part (a), is co = 16/ 0.040 = 4.0x1 0 2 rad/s. 

(f) The function describing the wave can be written as 

y = 0.040 sin(5x-400í + ^) 

where distances are in meters and time is in seconds. We adjust the phase constant <p to 
satisfy the condition y = 0.040 at x = t = 0. Therefore, sin <p = 1, for which the "simplest" 
root is 0 = %/2. Consequently, the answer is 


j = 0.040 sin 
(g) The sign in front of &>is minus. 


f 71 

5x-400í + - 

2/ 


10. With length in centimeters and time in seconds, we have 

du 

u= ~dt = 225tc sin (jíx - 15nt) . 

Squaring this and adding it to the square of 15jty, we have 

u + (\57ryf = (225nf [sin 2 (nx - \5nt) + cos 2 (me - \5nt)\ 

so that 

u = V(225tt) 2 - {\5nyf = 1571^15" -/ . 

Therefore, where y = 12, u must be ± 13571. Consequently, the speed there is 424 cm/s 
4.24 m/s. 


11. (a) The amplitude y m is half of the 6.00 mm vertical range shown in the figure, i.e., 
j ffl =3.0mm. 


(b) The speed of the wave is v = d/t = 15 m/s, where d = 0.060 m and t = 0.0040 s. The 
angular wave number is k = 2%/X where X = 0.40 m. Thus, 

2n 

k = ~^ = 16 rad/m . 

(c) The angular frequency is found from 

w= kv = (16 rad/m)(15 m/s)=2.4xl0 2 rad/s. 

(d) We choose the minus sign (between kx and &t) in the argument of the sine function 
because the wave is shown traveling to the right [in the +x direction] - see section 16-5). 
Therefore, with SI units understood, we obtain 

y = y m ún(kx -kvt) ~ 0.0030 sin(16x - 2.4 xlQ 2 t) . 


12. The slope that they are plotting is the physical slope of sinusoidal waveshape (not to 
be confused with the more abstract "slope" of its time development; the physical slope is 
an x-derivative whereas the more abstract "slope" would be the í-derivative). Thus, 
where the figure shows a maximum slope equal to 0.2 (with no unit), it refers to the 
maximum of the following function: 


The problem additionally gives t = 0, which we can substitute into the above expression 
if desired. In any case, the maximum of the above expression is y m k , where 


Therefore, setting y m k equal to 0.20 allows us to solve for the amplitude y m . We find 




2n 


= 15.7 rad/m. 


Ã 0.40 m 


0.20 


= 0.0127 m«1.3 cm. 


y m 


15.7 rad/m 


13. From Eq. 16-10, a general expression for a sinusoidal wave traveling along the +x 
direction is 

y(x, t) = y m ún{kx -cot + f) 

(a) The figure shows that at x = 0, 
y(0,t)=y m sm(-cot+(p) is a positive sine function, i.e., 4 : 

y(0,t) = +y m sin&tf. Therefore, the phase constant must 

be (p=n . At t =0, we then have 

y(x, 0) = y m sin(kx + n) = -y m sin kx 

which is a negative sine function. A plot of j(x,0) is 
depicted on the right. -4 

(b) From the figure we see that the amplitude is y m = 4.0 cm. 

(c) The angular wave number is given by k = ItíIX = 7t/10 = 0.3 1 rad/cm. 

(d) The angular frequency is co= 2n/T=n/5 = 0.63 rad/s. 

(e) As found in part (a), the phase is (f>=n . 

(f) The sign is minus since the wave is traveling in the +x direction. 

(g) Since the frequency is /= \/T= 0.10 s, the speed of the wave is v =fk = 2.0 cm/s. 

(h) From the results above, the wave may be expressed as 



x (cm) 


y(x,t) = 4.0 sin 
Taking the derivative of y with respect to t, we find 


' TtX 

Kt ^ 

= -4.0 sin 

' TtX 



+ 7T 



Jõ 

5 j 


Jõ 



dv 

u(x,t) = — = 4.0 
dt 




' 7tX 



COS 





Jõ 



which yields «(0,5.0) = -2.5 cm/s. 


14. From v = yjr/ju , we have 

V old \l T 0 \á/Mo\d 


15. The wave speed v is given by v = yjr/ju , where ris the tension in the rope and // is 

the linear mass density of the rope. The linear mass density is the mass per unit length of 
rope: 

jU = m/L = (0.0600 kg)/(2.00 m) = 0.0300 kg/m. 

Thus, 

I 500N 1f%n , 

v = =129m/s. 

V 0.0300 kg/m ' 
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16. The volume of a cylinder of height t is V = nr t = nd t/4. The strings are long, 
narrow cylinders, one of diameter d\ and the other of diameter di (and corresponding 
linear densities //i and JU2). The mass is the (regular) density multiplied by the volume: m 
= pV, so that the mass-per-unit length is 


m _ piú 1 £/4 _ npd 2 


and their ratio is 


H x _ npd\l4 
ju 2 npd\l4 


d l 


Therefore, the ratio of diameters is 


17. (a) The amplitude of the wave is j„,=0.120 mm. 


(b) The wave speed is given by v = yjr/ ju , where ris the tension in the string and fi is the 


linear mass density of the string, so the wavelength is X = v/f= yjT/ju/f and the angular 

wave number is 


(c) The frequency is /= 100 Hz, so the angular frequency is 

co= 2nf= 2tt(100 Hz) = 628 rad/s. 

(d) We may write the string displacement in the formj = y m ún(kx + cot). The plus sign is 
used since the wave is traveling in the negative x direction. In summary, the wave can be 
expressed as 





18. We use v = yfrTju Vr to obtain 


= (120N) 


180 m/s Y 
170 m/s , 


= 135N. 


19. (a) The wave speed is given by v = X/T = cdk, where X is the wavelength, T is the 
period, cais the angular frequency (2%/T), and k is the angular wave number (2%/X). The 
displacement has the form y = y m sin(&x + cot), so k = 2.0 m _1 and co = 30 rad/s. Thus 

v = (30 rad/s)/(2.0 m -1 ) = 15 m/s. 

(b) Since the wave speed is given by v = ^t/jU , where ris the tension in the string and // 
is the linear mass density of the string, the tension is 


T = //v 2 = (l.6xl0- 4 kg/m)(15m/s) 2 =0.036N. 


20. (a) Comparing with Eq. 16-2, we see that k = 20/m and (O = 600/s. Therefore, the 
speed of the wave is (see Eq. 16-13) v = cdk = 30 m/s. 


(b) From Eq. 16-26, we find 


^ = 4 = ^ = °- 017k g/m = 17g/m. 
v 30 


21. (a) We read the amplitude from the graph. It is about 5.0 cm. 

(b) We read the wavelength from the graph. The curve crosses y = 0 at about x = 15 cm 
and again with the same slope at about x = 55 cm, so 

X = (55 cm - 15 cm) = 40 cm = 0.40 m. 


(c) The wave speed is v = yftljl, where T is the tension in the string and // is the linear 
mass density of the string. Thus, 


v = J ~~~r~ =12 m/s. 

^25x10 kg/m 

(d) The frequency is /= v/X = (12 m/s)/(0.40 m) = 30 Hz and the period is 

T= \lf= 1/(30 Hz) = 0.033 s. 

(e) The maximum string speed is 

u m = coy m = 2Kfy m = 27t(30 Hz) (5.0 cm) = 940 cm/s = 9.4 m/s. 

(f) The angular wave number is k = 2nlX = 27t/(0.40 m) = 16 m _1 . 

(g) The angular frequency is 0)= 2nf = 2n(30 Hz) = 1.9x1 0 2 rad/s 

(h) According to the graph, the displacement at x = 0 and t = 0 is 4.0 x 10~ 2 m. The 
formula for the displacement gives y(0, 0) = y m sin (p. We wish to select (p so that 

5.0 x 10" 2 sin ^)=4.0x IO" 2 . 

The solution is either 0.93 rad or 2.21 rad. In the first case the function has a positive 
slope at x = 0 and matches the graph. In the second case it has negative slope and does 
not match the graph. We select (p = 0.93 rad. 

(i) The string displacement has the form y (x, t) = y m ún(kx + cot + (f>). A plus sign appears 
in the argument of the trigonometric function because the wave is moving in the negative 
x direction. Using the results obtained above, the expression for the displacement is 

y(x,t) = (S.OxlO^mjsinfaónT 1 )* + (190s^)í + 0.93]. 


22. (a) The general expression for y (x, t) for the wave is y (x, t) = y m ún(kx - cot), which, 
at x = 10 cm, becomes y (x = 10 cm, t) = y m sin[A:(10 cm - cot)]. Comparing this with the 
expression given, we find co= 4.0 rad/s, or /= cdln = 0.64 Hz. 

(b) Since £(10 cm) = 1.0, the wave number is k = 0.10/cm. Consequently, the wavelength 
is X = 2n/k = 63 cm. 

(c) The amplitude is y m =5.0 cm. 

(d) In part (b), we have shown that the angular wave number is k = 0.10/cm. 

(e) The angular frequency is co= 4.0 rad/s. 

(f) The sign is minus since the wave is traveling in the +x direction. 

Summarizing the results obtained above by substituting the values of k and co into the 
general expression for y (x, t), with centimeters and seconds understood, we obtain 

j(x,0 = 5.0sin(0.10x-4.00. 

(g) Since v = colk = ^JtI /li, the tension is 

co 2 ii (4.0g/cm)(4.0s~') 2 rAfSfS . 2 

T = — f- = - 2 ^ > = 6400 g- cm/s =0.064 N. 

k (O.lOcm 1 ) 2 


23. The pulses have the same speed v. Suppose one pulse starts from the left end of the 
wire at time t = 0. Its coordinate at time t is X\ = vt. The other pulse starts from the right 
end, at x = L, where L is the length of the wire, at time t = 30 ms. If this time is denoted 
by to then the coordinate of this wave at time t is X2 = L — v(t - to). They meet when x\ = 
x 2 , or, what is the same, when vt = L-v(t- to). We solve for the time they meet: t=(L + 
vto)/2v and the coordinate of the meeting point is x = vt = (L + vto)/2. Now, we calculate 
the wave speed: 


Here T is the tension in the wire and L/m is the linear mass density of the wire. The 
coordinate of the meeting point is 



x = 


10.0m + (158m/s)(30.0xl0' j s) 
2 


= 7.37m. 


This is the distance from the left end of the wire. The distance from the right end is L - x 
= (10.0 m- 7.37 m) = 2.63 m. 


24. (a) The tension in each string is given by T= Mg/2. Thus, the wave speed in string 1 
is 


Vi (500g)(9.80rf) =28 6m/s 

1 VA V 2 A V 2(3.00g/m) 

(b) And the wave speed in string 2 is 


jife = 1(5008X9.80^) =221m/s 


2jU 2 V 2(5.00 g/m) 


(c) Let Vj = ^M l gl{2/u l ) = v 2 = ^M 2 gl(2/u 2 ) and Mi + M 2 = M. We solve for Mi and 
obtain 

M, = — = 50 ° g = l87.5g~l88g. 
l + // 2 /A 1 + 5.00/3.00 


(d) And we solve for the second mass: M 2 = M-M\ = (500 g - 187.5 g) ~ 3 13 g. 


25. (a) The wave speed at any point on the rope is given by v = -Jt/jU , where ris the 

tension at that point and // is the linear mass density. Because the rope is hanging the 
tension varies from point to point. Consider a point on the rope a distance y from the 
bottom end. The forces acting on it are the weight of the rope below it, pulling down, and 
the tension, pulling up. Since the rope is in equilibrium, these forces balance. The weight 
of the rope below is given by jugy, so the tension is r = /igy. The wave speed is 


(b) The time dt for the wave to move past a length dy, a distance y from the bottom end, 



is dt = dy/v = dy/ -yjgy and the total time for the wave to move the entire length of the 
rope is 



L 


26. Using Eq. 16-33 for the average power and Eq. 16-26 for the speed of the wave, we 
solve for /= cd/2%: 


f - 1 2P ^ - 1 2(85.0 W) _ 19gHz 

2ny m \jju^T/ju 27t(7.70xl(T 3 m) V ^/(36.0N)(0.260kg/2.70m) 


27. We note from the graph (and from the fact that we are dealing with a cosine-squared, 
see Eq. 16-30) that the wave frequency is f = ^~ = 500 Hz, and that the wavelength X = 

0.20 m. We also note from the graph that the maximum value of dKJdt is 10 W. Setting 
this equal to the maximum value of Eq. 16-29 (where we just set that cosine term equal to 
1) we find 


with SI units understood. Substituting in ju = 0.002 kg/m, co = 2nf and v =fk , we solve 
for the wave amplitude: 


2//v o} y m 2 


= 10 



28. Comparing y(x,t) = (3. 00 mm)sin[(4.00 m _1 )x-(7.00 s l )t] to the general expression 
y(x,t) = y m sm(kx-ú)t) , we see that £ = 4.00 rrT 1 and &> = 7.00 rad/s . The speed of the 
wave is 

v = colk = {l. 00 rad/s)/(4.00 m^) = 1.75 m/s. 


29. The wave y(x,t) = (2.00 mm)[(20m _1 )x-(4.0 s^)tf 2 is of the form h(kx-at) with 

angular wave numberA: = 20 rrT 1 and angular frequency CO- 4.0 rad/s . Thus, the speed of 
the wave is 

v = ú )/k = (4.0 rad/s)/(20 m 1 ) = 0.20 m/s. 


30. The wave y(x,t) = (4.00 mm) h[(30 m ')i + (6.0s l )t] is of the form h(kx-cot) with 

angular wave number A: = 30 irf 1 and angular frequency co = 6.0 rad/s . Thus, the speed 
of the wave is 


v = co I k = (6.0 rad/s)/(30 nT 1 ) = 0.20 m/s. 


3 1 . The displacement of the string is given by 

y = y m sin(kx - cot) + y m úwikx - cot + (f>) = 2y m cos (| 0)sin(kx- cot + \(/>) , 

where 0 = n/2. The amplitude is 

A = 2y m cos ( \ (/)) = 2y m cos(tt / 4) = 1 .4 1 y m . 


32. (a) Let the phase difference be (j). Then from Eq. 16-52, 2y m cos(^/2) = 1.50y m , which 
gives 


0 - 2 cos 


2* 


= 82.8°. 


(b) Converting to radians, we have (p= 1.45 rad. 


(c) In terais of wavelength (the length of each cycle, where each cycle corresponds to 2n 
rad), this is equivalent to 1.45 rad/27t = 0.230 wavelength. 


33. (a) The amplitude of the second wave is y m = 9.00 mm, as stated in the problem. 

(b) The figure indicates that "k = 40 cm = 0.40 m, which implies that the angular wave 
number is k = 27t/0.40 = 16 rad/m. 

(c) The figure (along with information in the problem) indicates that the speed of each 
wave is v = dxlt = (56.0 cm)/(8.0 ms) = 70 m/s. This, in turn, implies that the angular 
frequency is 

co=kv =1100 rad/s= l.lxlO 3 rad/s. 

(d) The figure depicts two traveling waves (both going in the -x direction) of equal 
amplitude y m . The amplitude of their resultant wave, as shown in the figure, is y ' m = 4.00 
mm. Eq. 16-52 applies: 

y' m = 2y m cos(^) => = 2cos _1 (2.00/9.00) = 2.69 rad. 

(e) In making the plus-or-minus sign choice in y = y m sin(kx± cot + (f>), we recall the 
discussion in section 16-5, where it shown that sinusoidal waves traveling in the -x 
direction are of the form y = y m sin(kx+ cot + (f>). Here, (|) should be thought of as the 
phase difference between the two waves (that is, (jh = 0 for wave 1 and (pi = 2.69 rad for 
wave 2). 

In summary, the waves have the forms (with SI units understood): 


yx = (0.00900)sin(16x +11000 and y 2 = (0.00900)sin(16x+ HOOí + 2.7 ) . 


34. (a) We use Eq. 16-26 and Eq. 16-33 with [i = 0.00200 kg/m and y m = 0.00300 m. 
These give v = *\fz7~\l = 775 m/s and 


Pavg = | /^CO J m 2 = 10 W. 

(b) In this situation, the waves are two separate string (no superposition occurs). The 
answer is clearly twice that of part (a); P = 20 W. 

(c) Now they are on the same string. If they are interfering constructively (as in Fig. 16- 
16(a)) then the amplitude y m is doubled which means its square y m 2 increases by a factor 
of 4. Thus, the answer now is four times that of part (a); P = 40 W. 

(d) Eq. 16-52 indicates in this case that the amplitude (for their superposition) is 

2 j m cos(0.27t) = 1.618 times the original amplitude y m . Squared, this results in an increase 
in the power by a factor of 2.618. Thus, P = 26 W in this case. 

(e) Now the situation depicted in Fig. 16-16(b) applies, so P = 0. 


35. The phasor diagram is shown below: y im andy 2m represent the original waves and y m 
represents the resultant wave. The phasors corresponding to the two constituent waves 
make an angle of 90° with each other, so the triangle is a right triangle. The Pythagorean 
theorem gives 

yí = y\ m + yL = (3 .0 cm) 2 + (4.0 cm) 2 = (25 cm) 2 . 

Thus y m = 5.0 cm. 


36. (a) As shown in Figure 16-16(b) in the textbook, the least-amplitude resultant wave is 
obtained when the phase difference is n rad. 

(b) In this case, the amplitude is (8.0 mm - 5.0 mm) = 3.0 mm. 

(c) As shown in Figure 16-16(a) in the textbook, the greatest-amplitude resultant wave is 
obtained when the phase difference is 0 rad. 

(d) In the part (c) situation, the amplitude is (8.0 mm + 5.0 mm) = 13 mm. 

(e) Using phasor terminology, the angle "between them" in this case is n/2 rad (90°), so 
the Pythagorean theorem applies: 



37. The phasor diagram is shown on the right. We use the cosine 
theorem: 

v 2 = y 2 , + y 2 i — 2y ,y , cos#= y 2 , + v 2 -, +2y , v , cos<z). 

^ m ^ ml ^/íj2 ^ml^m2 ->ml s ml S mW ml i 

We solve for cos <j) : 

C0 ^_ ^-^-;4 _ (9.0rnm) 2 -(5.0mm) 2 -(7.0mm) 2 _ 01() 
2j ml y m2 2(5.0 mm) (7.0 mm) 

The phase constant is therefore 0= 84°. 


38. We see that y x and y 3 cancel (they are 180°) out of phase, and y 2 cancels with y 4 
because their phase difference is also equal to n rad (180°). There is no resultant wave in 
this case. 


39. (a) Using the phasor technique, we think of these as two "vectors" (the first of 
"length" 4.6 mm and the second of "length" 5.60 mm) separated by an angle of ((> = 0.871 
radians (or 144°). Standard techniques for adding vectors then lead to a resultant vector 
of length 3.29 mm. 

(b) The angle (relative to the first vector) is equal to 88.8° (or 1.55 rad). 

(c) Clearly, it should in "in phase" with the result we just calculated, so its phase angle 
relative to the first phasor should be also 88.8° (or 1.55 rad). 


40. (a) The wave speed is given by 


v = J— = í 7.00N = 66.1 m/s. 

V// V2.00 x 10 kg/ 1.25 m 


(b) The wavelength of the wave with the lowest resonant frequency f\ is X\ = 2L, where L 
= 125 cm. Thus, 

„ v 66.1 m/s _ , . 

f,= — = = 26.4 Hz. 

X, 2(1.25 m) 


41. Possible wavelengths are given by X = 2L/n, where L is the length of the wire and n is 
an integer. The corresponding frequencies are given by/= v/X = nvIlL, where v is the 
wave speed. The wave speed is given by v = -Jt/ju - 4tLI M , where t is the tension in 

the wire, jU is the linear mass density of the wire, and M is the mass of the wire. jU = MIL 
was used to obtain the last form. Thus 


ÍtL _ 

n 

h - 


1m ' 

= 2' 


2\ . 


/- =Í7^ = 'i^= tJ , 1aa 25 °^, : = n (7.91 Hz). 


(a) The lowest frequency is f x =7.91 Hz. 

(b) The second lowest frequency is f 2 =2(7.91 Hz) = 15.8 Hz. 


(c) The third lowest frequency is f 3 = 3(7.91 Hz) = 23.7 Hz. 


42. The nth resonant frequency of string A is 

21 A 2L\fi 


while for string B it is 


f =^ n = — - = -f 
Jn ' B 21 B SL^ju 4 Jn ' Á ' 


(a) Thus, we see f\j = f\,B- That is, the fourth harmonic of B matches the frequency of A's 
first harmonic. 

(b) Similarly, we find^^i = fs,B- 

(c) No harmonic of B would match f, , = '— á - = — \—, 

M 21 A 2L\fi 


43. (a) The wave speed is given by v = yjr/ // , where ris the tension in the string and // is 

the linear mass density of the string. Since the mass density is the mass per unit length, // 
= M/L, where M is the mass of the string and L is its length. Thus 

írt = 1(96.0 N) (8.40 m) 
VM \ 0.120 kg 

(b) The longest possible wavelength X for a standing wave is related to the length of the 
string by L = X/2, soX = 2L = 2(8.40 m) = 16.8 m. 


(c) The frequency is/= v/l = (82.0 m/s)/(16.8 m) = 4.88 Hz. 


44. The string is flat each time the particle passes through its equilibrium position. A 
particle may travei up to its positive amplitude point and back to equilibrium during this 
time. This describes half oí one complete cycle, so we conclude T= 2(0.50 s) = 1.0 s. 
Thus,/= \IT= 1.0 Hz, and the wavelength is 


, v lOcm/s 

A, - — = = 10 cm. 

/ 1.0Hz 


45. (a) Eq. 16-26 gives the speed of the wave: 


v = 


1 50 N = 144.34 m/s « 1.44xl0 2 m/s. 


\ju \ 7.20x1 (T 3 kg/m 

(b) From the figure, we find the wavelength of the standing wave to be 

l = (2/3)(90.0 cm) = 60.0 cm. 

(c) The frequency is 

/ = I= M4xltfm/s =241Hz 
X 0.600m 


46. Use Eq. 16-66 (for the resonant frequencies) and Eq. 16-26 (v = -JrTJl) to find f„: 

f _nv _ n 
"~2L~2L 

which gives = (3/2Z) yjrjfi . 

(a) When Tf = 4 Ti, we get the new frequency 

f ' = 2L^t = lfv 

(b) And we get the new wavelength X' 3 - — - — = X 3 . 



47. (a) The resonant wavelengths are given by X = 2L/n, where L is the length of the 
string and n is an integer, and the resonant frequencies are given by/= v/X = nvl2L, 
where v is the wave speed. Suppose the lower frequency is associated with the integer n. 
Then, since there are no resonant frequencies between, the higher frequency is associated 
with n + 1. That is,/i = nvl2L is the lower frequency and/2 = (n + \)v/2L is the higher. 
The ratio of the frequencies is 

A = n + l 

The solution for n is 

Ã 315Hz 


f 2 -f, 420Hz-315Hz 
The lowest possible resonant frequency is /= v/2L =f\ln = (315 Hz)/3 = 105 Hz. 
(b) The longest possible wavelength is X = 2L. If /"is the lowest possible frequency then 


v = Xf= 2Lf= 2(0.75 m)(105 Hz) = 158 m/s. 


48. Using Eq. 16-26, we find the wave speed to be 


t 65.2xl0 6 N AA ^ . 

v = \—= \ =4412m/s. 

\ju V 3.35kg/m 


The corresponding resonant frequencies are 

f nv n Ít 

J n = — = — J— ■> « = 1,2,3,... 
" 2L 2L\ii 

(a) The wavelength of the wave with the lowest (fundamental) resonant frequency f\ 
= 2L, where L = 347 m. Thus, 

v 4412 m/s 

/, = — = = 6.36 Hz. 

1 \ 2(347 m) 

(b) The frequency difference between successive modes is 

„r r r v 4412 m/s ^,^ TT 
= /„-/„, = — = = 6.36 Hz. 

J Jn Jn-l 2L 2(347 m) 


49. The harmonics are integer multiples of the fundamental, which implies that the 
difference between any successive pair of the harmonic frequencies is equal to the 
fundamental frequency. Thus,/i = (390 Hz - 325 Hz) = 65 Hz. This further implies that 
the next higher resonance above 195 Hz should be (195 Hz + 65 Hz) = 260 Hz. 


50. Since the rope is fixed at both ends, then the phrase "second-harmonic standing wave 
pattern" describes the oscillation shown in Figure 16-23(b), where (see Eq. 16-65) 


X = L and f= — . 

L 

(a) Comparing the given function with Eq. 16-60, we obtain k = 7i/2 and co = \2n rad/s. 
Since k = InlX then 

— = - => l = 4.0m => Z = 4.0m. 
I 2 

(b) Since co= 27r/then Inf = 1271 rad/s, which yields 

/ = 6.0Hz v = /X = 24m/s. 

(c) Using Eq. 16-26, we have 


v=. l =* 24„Vs= ' 2MN 


I ju Vm/(4.0m) 


which leads to m = 1 .4 kg. 
(d) With 


3v = 3(24 m/s) = 
2L 2(4.0 m) 


The period is T = XI f= 0.11 s. 


51. (a) The amplitude of each of the traveling waves is half the maximum displacement 
of the string when the standing wave is present, or 0.25 cm. 

(b) Each traveling wave has an angular frequency of 0)= 407t rad/s and an angular wave 
number of k= n/3 cm -1 . The wave speed is 

v= colk= (4071 rad/s)/(7t/3 cm" 1 ) = 1 .2* IO 2 cm/s. 

(c) The distance between nodes is half a wavelength: d = X/2 = n/k = n/(n/3 cm -1 ) = 3.0 
cm. Here 2n/k was substituted for X. 


(d) The string speed is given by u(x, t) = dy/dt = -coy m sm(kx)sm(úX). For the given 
coordinate and time, 


u = -(4071 rad/s) (0.50 cm) sin 


71 


cm (1.5 cm) 


sin 


(407t s" 1 ) 


= 0. 


52. The nodes are located from vanishing of the spatial factor sin 5nx = 0 for which the 
solutions are 

1 2 3 

5nx = 0,71,271,371,... => x = 0,— ,— 

5 5 5 

(a) The smallest value of x which corresponds to a node is x = 0. 


(b) The second smallest value of x which corresponds to a node is x = 0.20 m. 

(c) The third smallest value of x which corresponds to a node is x = 0.40 m. 

(d) Every point (except at a node) is in simple harmonic motion of frequency/= cdln = 
407i/27i = 20 Hz. Therefore, the period of oscillation is T= \lf= 0.050 s. 

(e) Comparing the given function with Eq. 16-58 through Eq. 16-60, we obtain 

y x =0.020 sin(57U-407iO and y 2 = 0.020 sin(5íu+40ji;0 

for the two traveling waves. Thus, we infer from these that the speed is v = cdk = 407i/57i 
= 8.0 m/s. 

(f) And we see the amplitude is y m = 0.020 m. 

(g) The derivative of the given function with respect to time is 

dv 

u = -r— = -(0.040) (40n)sin(5rcc)sin(407tf) 
ot 

which vanishes (for ali x) at times such as sin(407rt) = 0. Thus, 

1 2 3 


407tf = 0,71,271,371,... => t = 0, . 

40 40 40 


Thus, the first time in which ali points on the string have zero transverse velocity is when 
t = 0s. 

(h) The second time in which ali points on the string have zero transverse velocity is 
when t= 1/40 s = 0.025 s. 

(i) The third time in which ali points on the string have zero transverse velocity is when 
t = 2/40 s = 0.050 s. 


53. (a) The waves have the same amplitude, the same angular frequency, and the same 
angular wave number, but they travei in opposite directions. We take them to be 

y\ = y m sin(&x - cot), yi = y m sin(kx + cot). 

The amplitude y m is half the maximum displacement of the standing wave, or 5.0 x 10 
m. 

(b) Since the standing wave has three loops, the string is three half-wavelengths long: L = 
3 X/2, or X = 2L/3. With L = 3.0m, X = 2.0 m. The angular wave number is 

k=2n/X = 27i/(2.0 m) = 3.1 m" 1 . 

(c) If v is the wave speed, then the frequency is 

v 3v 3(l00m/s) 

f = ^ = — = —, ^ = 50 Hz. 

X 2L 2(3.0m) 

The angular frequency is the same as that of the standing wave, or 

co= 2nf= 2tt(50 Hz) = 314 rad/s. 

(d) The two waves are 

y x =(5.0xl0" 3 m)sin[(3.14m" 1 )x-(314s" 1 )í] 

and 

y 2 = (5.0xl0" 3 m)sin[(3.14m" 1 )x + (314s" 1 )í]. 

Thus, if one of the waves has the form y(x,t) = y m sm(kx+eot) , then the other wave must 
have the form y\x,t) = y m sm(kx-cot) . The sign in front of &>for y'(x,t)is minus. 


54. From the x = 0 plot (and the requirement of an anti-node atx = 0), we infer a standing 
wave function of the form y{x,t) = -(0.04)cos(£x)sin(&íf), where co=27t IT =n rad/s , 
with length in meters and time in seconds. The parameter k is determined by the 
existence of the node at x = 0.10 (presumably the first node that one encounters as one 
moves from the origin in the positive x direction). This implies k(0.\0) = 7t/2 so that k = 
5n rad/m. 

(a) With the parameters determined as discussed above and t = 0.50 s, we find 

j(0.20 m, 0.50 s) = -0.04 cos(Ax) sin(ctf) = 0.040 m . 

(b) The above equation yields j(0.30 m, 0.50 s) = -0.04cos(£x)sin(íí#) = 0 . 

(c) We take the derivative with respect to time and obtain, at t = 0.50 s and x = 0.20 m, 


u = — = -0.04&» cos (kx) cos (cot ) = 0 . 
dt 


d) The above equation yields u = -0.13 m/s at t = 1.0 s. 


(e) The sketch of this function at t = 0.50 s for 0 < x < 0.40 m is shown below: 


X*.0.5) 


0.04- 



0.02 - 


0 _' 


x (m) 


0.4 


-0.02- 


-0.04 


55. (a) The angular frequency is co = 8.0071/2 = 4.0071 rad/s, so the frequency is 

/= co!2n = (4.007T rad/s)/27i = 2.00 Hz. 

(b) The angular wave number is k = 2.0071/2 = 1.0071 m _1 , so the wavelength is 

X = 2n/k = 271/(1.0071 m" 1 ) = 2.00 m. 

(c) The wave speed is 

v = y = (2.00 m) (2.00 Hz) = 4.00 m/s. 

(d) We need to add two cosine functions. First convert them to sine functions using cos a 
= sin (a+ n/2), then apply 


cos a + cos/? = sin 


a+ — 

v 2) 

í 

= 2 cos 


+ sin 

v 

A í 
cos 


71 


V 


2 

a-p 


2 sin 


a + P + n 


cos 


a + P 


v 


Letting a=kx and P=cot,we find 

y m cos(&x + cot) + y m cos(&x - cot) = 2y m cos(Ax) cos(cot). 

Nodes occur where cos(fcc) = 0 or kx = nn + n/2, where n is an integer (including zero). 
Since k= l.On m~\ this means x - (n + |)(1.00m) . Thus, the smallest value of x which 

corresponds to a node is x = 0.500 m (n=0). 

(e) The second smallest value of x which corresponds to a node is x = 1 .50 m (n=\). 

(f) The third smallest value of x which corresponds to a node is x = 2.50 m (n=2). 

(g) The displacement is a maximum where cos(kx) = ±1. This means kx = nn, where n is 
an integer. Thus, x = n(1.00 m). The smallest value of x which corresponds to an anti- 
node (maximum) is x = 0 (n=0). 

(h) The second smallest value of x which corresponds to an anti-node (maximum) is 
x = 1.00m(n=l). 

(i) The third smallest value of x which corresponds to an anti-node (maximum) is 
x = 2.00 m(n=2). 


56. Reference to point A as an anti-node suggests that this is a standing wave pattern and 
thus that the waves are traveling in opposite directions. Thus, we expect one of them to 
be of the form y = y m sm(kx + (úf) and the other to be of the form y =y m sin(kx - Qdt). 

(a) Using Eq. 16-60, we conclude that y m = ^(9.0 mm) = 4.5 mm, due to the fact that the 
amplitude of the standing wave is ^ (1 .80 cm) = 0.90 cm = 9.0 mm. 

(b) Since one full cycle of the wave (one wavelength) is 40 cm, k = InlX ~\6 m _1 . 

(c) The problem tells us that the time of half a full period of motion is 6.0 ms, so T = 12 
ms and Eq. 16-5 gives co = 5.2 x 10 rad/s. 

(d) The two waves are therefore 

yi(x, t) = (4.5 mm) sin[(16 m~ l )x + (520 s~ l )t] 

and 

y 2 (x, t) = (4.5 mm) sin[(16 m~ l )x - (520 s~ l )t] . 

If one wave has the form y(x,t) = y m sin(kx+ cot) as in y\, then the other wave must be of 
the form y\x,t) = y m úri(kx-CQt)as 'vciyi. Therefore, the sign in front of &>is minus. 


57. Recalling the discussion in section 16-12, we observe that this problem presents us 
with a standing wave condition with amplitude 12 cm. The angular wave number and 
frequency are noted by comparing the given waves with the form y = y m sin(A:x ± co t). 
The anti-node moves through 12 cm in simple harmonic motion, just as a mass on a 
vertical spring would move from its upper turning point to its lower turning point - 
which occurs during a half-period. Since the period T is related to the angular frequency 
by Eq. 15-5, we have 

T = — = T^r= 0.500 s. 
co 4.00 tc 

Thus, in a time of t = \t = 0.250 s, the wave moves a distance Ax = vt where the speed 
of the wave is v = f = 1.00 m/s. Therefore, Áx = (1.00 m/s)(0.250 s) = 0.250 m. 


58. With the string fixed on both ends, using Eq. 16-66 and Eq. 16-26, the resonant 
frequencies can be written as 


/ = - = -J- = -J^, « = 1,2,3,... 

(a) The mass that allows the oscillator to set up the 4th harmonic ( n - 4 ) on the string is 
4L 2 f M 


m - 


n 2 g 


4(1.20 m) 2 (120 Hz) 2 (0.00160 kg/m) _ 0 gi6kg 


(4)^(9.80 m/s 2 ) 

(b) If the mass of the block is m = 1 .00 kg , the corresponding n is 


4L z f z ju 4(1.20 my (120 Hz)' (0.00160 kg/m) 

n = A = J õ =3.68 

V g V 9.80 m/s 2 

which is not an integer. Therefore, the mass cannot set up a standing wave on the string. 


59. (a) The frequency of the wave is the same for both sections of the wire. The wave 
speed and wavelength, however, are both different in different sections. Suppose there 
are n\ loops in the aluminum section of the wire. Then, 


L\ = n{k\l2 = n\V\/2f, 

where X\ is the wavelength and v\ is the wave speed in that section. In this consideration, 
we have substituted X\ = v\lf, where / is the frequency. Thus /= n\V\l2L\. A similar 
expression holds for the steel section: /= niVillLi. Since the frequency is the same for the 
two sections, n\V\IL\ = n 2 V2/L 2 . Now the wave speed in the aluminum section is given 

by Vj = yjr/ ~H X , where jU\ is the linear mass density of the aluminum wire. The mass of 

aluminum in the wire is given by m\ = p\AL\, where p\ is the mass density (mass per unit 
volume) for aluminum and A is the cross-sectional area of the wire. Thus 

jUi= pxAL x IL x = piA 

and v x - ,Jt/ p x A. A similar expression holds for the wave speed in the steel section: 

v 2 = yjr/ p 2 A. We note that the cross-sectional area and the tension are the same for the 
two sections. The equality of the frequencies for the two sections now leads to 
n x l L xy [p~ x - n 2 l L 2 y[p^, where A has been canceled from both sides. The ratio of the 
integers is 


n 2 _Z 2 7Ã_(°- 866m W 7 - 80xl ° 3k g /m3 _ 25Q 
n x L x Jp x (0.600m)^/2.60xl0 3 kg/m 3 

The smallest integers that have this ratio are n\ = 2 and «2 = 5. The frequency is 


/ = ftjVj l2L x =[n x l 2L X ) yjr I p x A. 

The tension is provided by the hanging block and is T = mg, where m is the mass of the 
block. Thus, 



(10.0kg)Í9.80m/s 2 ) 

= 324 Hz. 


:(0.600m)V(2.60xl0 3 kg/m 3 ) ( 1 .00 x 1 (T 6 m 2 ) 


(b) The standing wave pattern has two loops in the aluminum section and five loops in 
the steel section, or seven loops in ali. There are eight nodes, counting the end points. 


60. With the string fixed on both ends, using Eq. 16-66 and Eq. 16-26, the resonant 
frequencies can be written as 



f = ÍT = ^J- = ^.F L , « = 1,2,3, 


The mass that allows the oscillator to set up the nth harmonic on the string is 

4L 2 f 2 M 


m — ■ 


2 

n g 


Thus, we see that the block mass is inversely proportional to the harmonic number 
squared. Thus, if the 447 gram block corresponds to harmonic number n then 

447 _ (n+ l) 2 _ n + 2n + 1 _ 2n + 1 
286.1 n ~ ~n " 1 + n ' 

Therefore, - 1 = 0.5624 must equal an odd integer (2n + 1) divided by a squared 

integer (n ). That is, multiplying 0.5624 by a square (such as 1,4, 9, 16, etc) should give 
us a number very close (within experimental uncertainty) to an odd number (1, 3, 5, ...). 
Trying this out in succession (starting with multiplication by 1, then by 4, ...), we find 
that multiplication by 16 gives a value very close to 9; we conclude n = 4 (so n = 16 and 
2n + 1 = 9). Plugging m = 0.447 kg, n = 4, and the other values given in the problem, we 
find 

ju = 0.000845 kg/m = 0.845 g/m. 


61. (a) The phasor diagram is shown here: y\, yi, and _y 3 represent the original waves and 
y m represents the resultant wave. 



The horizontal component of the resultant is y m h = y\-y?, = y\ — jVi/3 = 2yi/3. The vertical 
component is y mv = yi= yJ2. The amplitude of the resultant is 


y m '- =Jy mH J mv 


+ 


V -5 J 


= -^=0.83*. 
6 


(b) The phase constant for the resultant is 


0 = tan 


( \ 


- tan 


yJ 2 
v 2 yjij 


tan 


v4y 


0.644 rad = 37°. 


(c) The resultant wave is 


y = -y x ún(kx-0)t + 0.644 rad). 
6 


The graph below shows the wave at time t = 0. As time goes on it moves to the right with 
speed v = cdk. 


y 


62. Setting x = O in y = y m sin(kx - cot + (/)) gives y = y m sin(-ú)t + 0) as the function 
being plotted in the graph. We note that it has a positive "slope" (referring to its t- 
derivative) at t = 0: 

dv dy m sin(-co t+ è) . 

dí d7 =-y m cocos(-coí+ <|)) >0 at t = 0. 

This implies that - cos((|)) > 0 and consequently that (|) is in either the second or third 
quadrant. The graph shows (at t = 0) y = 2.00 mm, and (at some later t) y m = 6.00 mm. 
Therefore, 

y = y m sin(-co t + (|)) 1 1 = 0 => ^ = sin _1 (|)= 0.34 rad or 2.8 rad 

(bear in mind that sin(9) = sin(7t - 9)), and we must choose (|) = 2.8 rad because this is 
about 161° and is in second quadrant. Of course, this answer added to 2mr is still a valid 
answer (where n is any integer), so that, for example, (|) = 2.8 - 2n = -3.48 rad is also an 
acceptable result. 


63. We compare the resultant wave given with the standard expression (Eq. 16-52) to 
obtain k-lOm 1 - 2nlX,2y m cos(}0) = 3.0 mm , and j^ = 0.820rad. 

(a) Therefore, X = 2iílk = 0.3 1 m. 

(b) The phase difference is 0= 1.64 rad. 

(c) And the amplitude is y m = 2.2 mm. 


64. Setting x = O in a y = -co 2 y (see the solution to part (b) of Sample Problem 16-2) 

where y = y m sin(kx - co t + gives a y = -co 2 _y m sin(-co t + <\>) as the function being 
plotted in the graph. We note that it has a negative "slope" (referring to its í-derivative) 
at t = 0: 

^ = d (-(0 2 y m sin(-co^ + ^ = cqs( _ m + ^ <0at , = 0 . 

This implies that cos^ < 0 and consequently that (f> is in either the second or third 
quadrant. The graph shows (at t = 0) a y = -100 m/s 2 , and (at another t) a max = 400 m/s 2 . 
Therefore, 

a y = -flmax sin(-co t + (j)) 1 1 = 0 => (p = sin _1 (^)= 0.25 rad or 2.9 rad 

(bear in mind that sin# = sin(7t - 9j), and we must choose (f> = 2.9 rad because this is 
about 166° and is in the second quadrant. Of course, this answer added to 2n7t is still a 
valid answer (where n is any integer), so that, for example, (f> = 2.9 - 2n = -3.4 rad is 
also an acceptable result. 


65. We note that 


dy/dt = -acos(kx -(út + d}), 


which we will refer to as u(x,t). so that the ratio of the function y(x,t) divided by u(x,t) 
is - tan(kx - (út + (|))/co. With the given information (for x = 0 and t = 0) then we can take 
the inverse tangent of this ratio to solve for the phase constant: 


66. (a) Recalling the discussion in §16-5, we see that the speed of the wave given by a 
function with argument x - 5.0t (where x is in centimeters and t is in seconds) must be 
5.0 cm/s. 


(b) In part (c), we show several "snapshots" of the wave: the one on the left is as shown 
in Figure 16^48 (at t = 0), the middle one is at t = 1.0 s, and the rightmost one is at 
t = 2.0 s . It is clear that the wave is traveling to the right (the +x direction). 

(c) The third picture in the sequence below shows the pulse at 2.0 s. The horizontal scale 
(and, presumably, the vertical one also) is in centimeters. 



(d) The leading edge of the pulse reaches x = 10 cm at t = (10 - 4.0)/5 = 1.2 s. The 
particle (say, of the string that carries the pulse) at that location reaches a maximum 
displacement h = 2 cm at t = (10 - 3.0)/5 = 1.4 s. Finally, the trailing edge of the pulse 
departs from x = 10 cm at t = (10 - 1.0)/5 = 1.8 s. Thus, we find for h{f) at x = 10 cm 
(with the horizontal axis, t, in seconds): 


67. (a) The displacement of the string is assumed to have the form y(x, t) = 
y m sin {kx - cot). The velocity of a point on the string is 

u(x, t) = dy/dt = -coy m cos(Ax - cot) 

and its maximum value is u m = coy m . For this wave the frequency is / = 120 Hz and the 
angular frequency is co= 2jf= 2k (120 Hz) = 754 rad/s. Since the bar moves through a 
distance of 1.00 cm, the amplitude is half of that, or y m = 5.00 x 10 m. The maximum 
speed is 

u m = (754 rad/s) (5.00 x 10" 3 m) = 3.77 m/s. 

(b) Consider the string at coordinate x and at time t and suppose it makes the angle #with 
the x axis. The tension is along the string and makes the same angle with the x axis. Its 
transverse component is r trans = rsin 0. Now #is given by tan 6= dy/dx = ky m cos(kx - cot) 
and its maximum value is given by tan 6 m = ky m . We must calculate the angular wave 
number k. It is given by k = cdv, where v is the wave speed. The wave speed is given by 
v = jz/ju , where ris the tension in the rope and // is the linear mass density of the rope. 
Using the data given, 


and 


90.0N A . 

v = = 27.4 m/s 

V 0.120 kg/m 


. 754rad/s _j 

k = = 27.5m . 

27.4 m/s 


Thus, 

tan# m = (27.5 m _1 ) (5. 00x1 0~ 3 m) = 0.138 

and 0 = 7.83°. The maximum value of the transverse component of the tension in the 
string is 

Ttrans = (90.0 N) sin 7.83° = 12.3 N. 

We note that sin #is nearly the same as tan #because #is small. We can approximate the 
maximum value of the transverse component of the tension by rky m . 

(c) We consider the string at x. The transverse component of the tension pulling on it due 
to the string to the left is -t(òyldx) = -rky m cos{kx - cot) and it reaches its maximum value 
when cos(&x - cot) = -1 . The wave speed is 

u = dy/dt = -coy m cos {kx - cot) 


and it also reaches its maximum value when cos(fcx - cot) = -1. The two quantities reach 
their maximum values at the same value of the phase. When cos(kx - cot) = -1 the value 
of sin(kx - cot) is zero and the displacement of the string is y = 0. 


(d) When the string at any point moves through a small displacement Ay, the tension does 
work AW= Ttrans Ay. The rate at which it does work is 

„ ÁW Ay 

P = = t. — — = r, «. 

. " trans . " trans" - 

Aí Aí 

P has its maximum value when the transverse component rt rans of the tension and the 
string speed u have their maximum values. Hence the maximum power is (12.3 N)(3.77 
m/s) = 46.4 W. 

(e) As shown above y = 0 when the transverse component of the tension and the string 
speed have their maximum values. 

(f) The power transferred is zero when the transverse component of the tension and the 
string speed are zero. 

(g) P = 0 when cos(kx - cot) = 0 and sin(kx - cot) = ±1 at that time. The string 
displacement isy = ±y m = ±0.50 cm. 


68. We use Eq. 16-52 in interpreting the figure. 

(a) Since y' = 6.0 mm when (|) = 0, then Eq. 16-52 can be used to determine y m = 3.0 mm. 

(b) We note that y' = 0 when the shift distance is 10 cm; this occurs because cos((|)/2) = 0 
there => 0 = n rad or Vi cycle. Since a full cycle corresponds to a distance of one Ml 
wavelength, this Vi cycle shift corresponds to a distance of X/2. Therefore, Â = 20 cm => 
k = 2%/Â=3l m" 1 . 

(c) Since/= 120 Hz, co= 2nf = 754 rad/s «7.5xl0 2 rad/s. 

(d) The sign in front of O) is minus since the waves are traveling in the +x direction. 

The results may be summarized as y = (3.0 mm) sin[(31.4 m _1 )x - (754 s" 1 )?]] (this 
applies to each wave when they are in phase). 


69. (a) We take the form of the displacement to be y (x, t) =y m ún(kx - cot). The speed of 
a point on the cord is 

u{x, t) = dy/dt = -coy m cos(&x - cai), 

and its maximum value is u m = OJy m . The wave speed, on the other hand, is given by v = 
XI T= cdk. The ratio is 

v co/k A 

(b) The ratio of the speeds depends only on the ratio of the amplitude to the wavelength. 
Different waves on different cords have the same ratio of speeds if they have the same 
amplitude and wavelength, regardless of the wave speeds, linear densities of the cords, 
and the tensions in the cords. 


70. We write the expression for the displacement in the form y (x, i) = y m ún(kx - cot). 

(a) The amplitude is y m = 2.0 cm = 0.020 m, as given in the problem. 

(b) The angular wave number k is k = 2n/Â = 2n/(0. 10 m) = 63 m -1 

(c) The angular frequency is co = 2nf = 27t(400 Hz) = 2510 rad/s = 2.5x1 0 3 rad/s. 

(d) A minus sign is used before the cã term in the argument of the sine function because 
the wave is traveling in the positive x direction. 

Using the results above, the wave may be written as 


(e) The (transverse) speed of a point on the cord is given by taking the derivative of y: 

u(x,t) = — = -coy m cos(kx-cot) 
dl 

which leads to a maximum speed of u m = coy m = (2510 rad/s)(0.020 m) = 50 m/s. 

(f) The speed of the wave is 



X _ co _ 2510rad/s 
T~ k~ 62.8rad/m 


40 m/s. 


71. (a) The amplitude is y m = 1.00 cm = 0.0100 m, as given in the problem. 

(b) Since the frequency is /= 550 Hz, the angular frequency is ú)= 27tf= 3.46x10 rad/s. 

(c) The angular wave number is Â: = ítf/v = (3.46xl0 3 rad/s)/(330 m/s) = 10.5 rad/m. 

(d) Since the wave is traveling in the -x direction, the sign in front of co is plus and the 
argument of the trig function is kx + cot. 


The results may be summarized as 

y{x,t) = y m sin(kx + úX) = y m sin 


2Kf 


r x ^ 
-+t 

\v J 


(O.OlOm)sin 


2^-(550Hz) 


330 m/s 


-+t 


= (0.010 m) sin[(10.5 rad/s) x + (3 .46x1 0 3 rad/s)í]. 


72. We orient one phasor along the x axis with length 3.0 mm and angle 0 and the other at 
70° (in the first quadrant) with length 5.0 mm. Adding the components, we obtain 

(3.0 mm) + (5.0 mm)cos(70°) = 4.71mm alongxaxis 
(5.0 mm)sin(70°) =4.70 mm along jaxis. 


(a) Thus, amplitude of the resultant wave is ^(4.71 mm) 2 + (4.70 mm) 2 

(b) And the angle (phase constant) is tan" 1 (4.70/4.71) = 45°. 


= 6.7 mm. 


73. (a) Using v =fk, we obtain 


240 m/s 

/ = = 75 Hz. 

3.2m 


(b) Since frequency is the reciprocai of the period, we find 


T = — = — ^ — = 0.0133 s« 13 ms. 
/ 75 Hz 


74. By Eq. 16-66, the higher frequencies are integer multiples of the lowest (the 
fundamental). 

(a) The frequency of the second harmonic is^2 = 2(440) = 880 Hz. 

(b) The frequency of the third harmonic is and fi = 3(440) = 1320 Hz. 


75. We make use of Eq. 16-65 with L = 120 cm. 


(a) The longest wavelength for waves traveling on the string if standing waves are to be 
set up is \ = 2L l\ = 240 cm. 

(b) The second longest wavelength for waves traveling on the string if standing waves 
are to be set up is = 2L 1 2 = 120 cm. 

(c) The third longest wavelength for waves traveling on the string if standing waves are 
to be set up is A, = 2L 1 3 = 80.0 cm. 

The three standing waves are shown below: 



76. (a) At x = 2.3 m and t = 0. 16 s the displacement is 

j(x,O = 0.15sin[(0.79)(2.3)-13(0.16)]m= -0.039m. 

(b) We choose y m = 0.15 m, so that there would be nodes (where the wave amplitude is 
zero) in the string as a result. 

(c) The second wave must be traveling with the same speed and frequency. This implies 
£ = 0.79 m" 1 , 

(d) and co-Yi rad/s . 

(e) The wave must be traveling in -x direction, implying a plus sign in front of (O. 
Thus, its general form is y (x,t) = (0.15 m)sin(0.79x + \3t). 

(f) The displacement of the standing wave at x = 2.3 m and t = 0. 16 s is 

j(x,0 = -0.039m + (0.15m)sin[(0.79)(2.3) + 13(0.16)] = -0.14m. 


77. (a) The wave speed is 

v = \—= \ 12 ,° N = 144 m/s. 

V// V 8 - 70x10 kg/1.50m 

(b) For the one-loop standing wave we have X\ = 2L = 2(1.50 m) = 3.00 m. 

(c) For the two-loop standing wave X 2 = L = 1.50 m. 

(d) The frequency for the one-loop wave is f\ = vl%\ = (144 m/s)/(3.00 m) = 48.0 Hz. 

(e) The frequency for the two-loop wave is/j = vl% 2 = (144 m/s)/(1.50 m) = 96.0 Hz. 


78. We use P = ±juvco 2 y 2 m ~ vf 2 oc Jrf 2 . 


(a) If the tension is quadrupled, then P 2 - P x , - * , 


(b) If the frequency is halved, then P 2 =P X 


v/i y 


./i/2 ' 


= -P. 


79. We use Eq. 16-2, Eq. 16-5, Eq. 16-9, Eq. 16-13, and take the derivative to obtain the 
transverse speed u. 

(a) The amplitude is y m = 2.0 mm. 

(b) Since a>= 600 rad/s, the frequency is found to be /= 600/271 ~ 95 Hz. 

(c) Since k = 20 rad/m, the velocity of the wave is v = cdk = 600/20 = 30 m/s in the +x 
direction. 

(d) The wavelength is X = 2%/k ~ 0.3 1 m, or 3 1 cm. 

(e) We obtain 

dy 

u = — = -coy m cos(kx -cot)^>u m = coy m 
at 

so that the maximum transverse speed is u m = (600)(2.0) = 1200 mm/s, or 1.2 m/s. 


80. (a) Since the string has four loops its length must be two wavelengths. That is, X = 
L/2, where X is the wavelength and L is the length of the string. The wavelength is related 
to the frequency / and wave speed v by X = v/f so L/2 = v/f and 

L = 2v/f= 2(400 m/s)/(600 Hz) = 1.3 m. 

(b) We write the expression for the string displacement in the form y = y m sin(Ax) cos(úX), 
where y m is the maximum displacement, k is the angular wave number, and a> is the 
angular frequency. The angular wave number is 

k = 2n/l = 2nf/v = 2tt(600 Hz)/(400 m/s) = 9.4m _1 
and the angular frequency is 

co= 2nf= 2tt(600 Hz) = 3800 rad/s. 
With y m = 2.0 mm, the displacement is given by 

y(x, 0 = (2.0 mm) sin[(9.4 nT 1 )jc] cos [(3800 s~' )t] . 


81. To oscillate in four loops means n = 4 in Eq. 16-65 (treating both ends of the string as 
effectively "fixed"). Thus, X = 2(0.90 m)/4 = 0.45 m. Therefore, the speed of the wave is 
v =fk = 27 m/s. The mass-per-unit-length is 

jU = m/L = (0.044 kg)/(0.90 m) = 0.049 kg/m. 

Thus, using Eq. 16-26, we obtain the tension: 

T=v 2 jU= (27 m/s) 2 (0.049 kg/m) = 36 N. 


82. (a) This distance is determined by the longitudinal speed: 

d ( = v t t = (2000 m/s) (40xl(T 6 s) = 8.0xl0~ 2 m. 


(b) Assuming the acceleration is constant (justified by the near-straightness of the curve a 
= 300/40 x 10~ 6 ) we find the stopping distance d: 

(300) 2 (40x10 - 6 ) 

v 2 =v 2 + 2ad^d=- '- 

2(300) 

which gives d = 6.0x1 0~ 3 m. This and the radius r form the legs of a right triangle (where 
r is opposite from 0= 60°). Therefore, 

tan 60° = - => r = d tan 60° = 1 .0 x 1 0~ 2 m. 
d 


83. (a) Let the cross-sectional area of the wire be A and the density of steel be p. The 
tensile stress is given by t/A where ris the tension in the wire. Also, ju = pA. Thus, 


v 

max 


L^= KJA= 7-OOxlO 8 N/m 2 
V M V P V 7800kg/m 3 


= 3.00xl0 2 m/s 


(b) The result does not depend on the diameter of the wire. 


84. (a) Let the displacements of the wave at (y,t) be z(y,t). Then 

z(y,t) = z m ún{ky - cot), 
where z m = 3.0 mm, k = 60 cm" 1 , and co= 2k/T=2k/0.20 s = 10n s" 1 . Thus 

z(y,t) = (3 .0 mm) sin [(60 cm" 1 ) y - ( 1 0n s" 1 ) t] . 
(b) The maximum transverse speed is u m = coz m = (2n 1 0.20s)(3.0mm) = 94mm/s. 


85. (a) With length in centimeters and time in seconds, we have 

dy 


u = — = -6071 cos 
dt 


KX 

4nt 


Thus, when x = 6 and t = \ , we obtain 

-71 -6071 

u = -6071 cos — = — j=- = -133 
4 V2 

so that the speed there is 1.33 m/s. 

(b) The numerical coefficient of the cosine in the expression for u is -6071. Thus, the 
maximum speed is 1.88 m/s. 

(c) Taking another derivative, 

a = — = -24071 2 sin 4tcí 

í/í l 8 ) 

so that when x = 6 and í = } we obtain a = -240?? sin(-^/4) which yields a = 16.7 m/s 2 . 

(d) The numerical coefficient of the sine in the expression for a is -24071 2 . Thus, the 
maximum acceleration is 23.7 m/s 2 . 


86. Repeating the steps of Eq. 16-47 — > Eq. 16-53, but applying 


( 


a + (5 
2 


) 


f 


a-JT 

2 J 


cos a+ cos (5 = 2 cos 


cos 


V 


V 


(see Appendix E) instead of Eq. 16-50, we obtain y = [0.1 Ocos tíx] cos 4nt , with SI units 
understood. 

(a) For non-negative x, the smallest value to produce cos Kx = 0 is x = 1/2, so the answer 
isx = 0.50 m. 

(b) Taking the derivative, 


We observe that the last factor is zero when t = Q,\,\,^,... Thus, the value of the first 
time the particle at x=0 has zero velocity is t = 0. 

(c) Using the result obtained in (b), the second time where the velocity at x =0 vanishes 
would be t = 0.25 s, 

(d) and the third time is t = 0.50 s. 



[0.10cos7u:](-47rsin47rt) 


87. (a) From the frequency information, we find co= 2nf= lOn rad/s. A point on the 
rope undergoing simple harmonic motion (discussed in Chapter 15) has maximum speed 
as it passes through its "middle" point, which is equal to y m (ú. Thus, 


(b) Because of the oscillation being in the fundamental mode (as illustrated in Fig. 16- 
23(a) in the textbook), we have X = 2L = 4.0 m. Therefore, the speed of waves along the 
rope is v =fk = 20 m/s. Then, with // = m/L = 0.60 kg/m, Eq. 16-26 leads to 


(c) We note that for the fundamental, k = 2nlX = n/L, and we observe that the anti-node 
having zero displacement at t = 0 suggests the use of sine instead of cosine for the simple 
harmonic motion factor. Now, if the fundamental mode is the only one present (so the 
amplitude calculated in part (a) is indeed the amplitude of the fundamental wave pattern) 
then we have 


5.0m/s=y m (O => j m = 0.16m . 



y= (0.16 m) sin hr sin (10ní) = (0.16 m)sin[(1.57 m _I )x]sin[(31.4 rad/s)í] 



88. (a) The frequency is /= \IT= 1/4 Hz, so v =fk = 5.0 cm/s. 


(b) We refer to the graph to see that the maximum transverse speed (which we will refer 
to as u m ) is 5.0 cm/s. Recalling from Ch. 11 the simple harmonic motion relation u m = 
y m a>= y m 2%f, we have 


5.0= v 


2n 


1 


y m = 3.2 cm. 


(c) As already noted,/= 0.25 Hz. 


(d) Since k = 2n/X, we have k = \0n rad/m. There must be a sign difference between the t 
and x terms in the argument in order for the wave to travei to the right. The figure shows 
that at x = 0, the transverse velocity function is 0.050 shi7tf /2 . Therefore, the function 

u(x,f) is 


u(x,t) = 0.050 sin 


n 


í-IOtvc 


with lengths in meters and time in seconds. Integrating this with respect to time yields 


2(0.050) ji 


-cos 


Tl 


\ 


t-lOnx 


+ C 


J 


where C is an integration constant (which we will assume to be zero). The sketch of this 
function at t = 2.0 s for 0 < x < 0.20 m is shown below. 


y(x,í) 


89. (a) The wave speed is 

ÍF_ l kA£ l kA£(£ + A£) 

V ~Í~Jl~ \m/(£ + A£) ~ V m ' 

(b) The time required is 

t _ 2n(£ + A£) _ 2n(£ + A£) __ 2n j™ L + J_ 
v ~ jkA£(£ + A£)/m % V k V A£ 


Thus if £IA£^>\ , then t^^£IA£ °cl/VÃZ; and if II Ai<^\ , then 
í - In^Jmlk = const. 


90. (a) The wave number for each wave is k = 25. l/m, which means X = 2n/k = 250.3 mm. 
The angular frequency is co = 440/s; therefore, the period is T= 2n/co = 14.3 ms. We plot 
the superposition of the two waves y = y\ + yi over the time interval 0 < t < 15 ms. The 
first two graphs below show the oscillatory behavior at x = 0 (the graph on the left) and at 
x = X/S = 31 mm. The time unit is understood to be the millisecond and vertical axis (y) is 
in millimeters. 



(b) We can think of wave y\ as being made of two smaller waves going in the same 
direction, a v/avo y ia of amplitude 1.50 mm (the same as yi) and a wave_yi/> of amplitude 
1.00 mm. It is made clear in §16-12 that two equal-magnitude oppositely-moving waves 
form a standing wave pattern. Thus, waves y\ a and^2 form a standing wave, which leaves 
yib as the remaining traveling wave. Since the argument of yu involves the subtraction 
kx - OX, then ji/, traveis in the +x direction. 

(c) If yi (which traveis in the -x direction, which for simplicity will be called "leftward") 
had the larger amplitude, then the system would consist of a standing wave plus a 
leftward moving wave. A simple way to obtain such a situation would be to interchange 
the amplitudes of the given waves. 

(d) Examining carefully the vertical axes, the graphs above certainly suggest that the 
largest amplitude of oscillation is _y max = 4.0 mm and occurs at x = X/4 = 62.6 mm. 

(e) The smallest amplitude of oscillation is y m { n =1.0 mm and occurs at x = 0 and at x = 
X/2 =125 mm. 

(f) The largest amplitude can be related to the amplitudes of y\ and y2 in a simple way: 
JW -yim + yim, whereyim = 2.5 mm andy 2m =1.5 mm are the amplitudes of the original 
traveling waves. 

(g) The smallest amplitudes is_y m i n =y\ m -yim, where y\ m = 2.5 mm andj2m =1.5 mm are 
the amplitudes of the original traveling waves. 


91. Using Eq. 16-50, we have 



r 

0.60 cos- 

sin 

6_ 

V 


5nx-200nt + 


Tl 


with length in meters and time in seconds (see Eq. 16-55 for comparison). 
(a) The amplitude is seen to be 

0.60cos- = 0.3V3 = 0.52m. 
6 


co 


(b) Since k= 5n and co = 200n, then (using Eq. 16-12) v = — = 40 m/s. 

k 


(c) k = 2k/ã leads to Á = 0.40 m. 


92. (a) For visible light 


and 


= _?L = 3.0xl0m/s 14 

J mm n 


700xl0~ 9 m 


/-.= — = 3 - 0Xl ° 8 ? /S =7.5xl0 14 Hz. 
À_ 400xl0- 9 m 


(b) For radio waves 


and 


. c 3.0x10" m/s 1A 

A • = = 7—— = 1 .0 m 

A max 300x1 0 6 Hz 


À_ = 


c _ 3.0xl0 8 m/s 


À min 1.5xl0 6 Hz 


= 2.0xl0 2 m. 


(c) For X rays 


and 


7 3.0X10 m/s =60xlQl6Hz 

Jmm A max 5.0xl0- 9 m 


•fm 


3.0xl0 8 m/s 


A_ 1.0xl0-"m 


= 3.0xl0 19 Hz 


93. (a) Centimeters are to be understood as the length unit and seconds as the time unit. 
Making sure our (graphing) calculator is in radians mode, we find 



(b) The previous graph is at t = 0, and this next one isatí=0.050s. 

y 



And the final one, shown below, is at t = 0.010 s. 

y 



(c) The wave can be written as y(x,t) = y m sm(kx+cot), where v = colk is the speed of 
propagation. From the problem statement, we see that &> = 2;r/0.40 = 5;r rad/s and 
k = 2x/S0=7r/40 rad/cm . This yields v = 2.0xl0 2 cm/s = 2.0m/s 


(d) These graphs (as well as the discussion in the textbook) make it clear that the wave is 
traveling in the —x direction. 


1. (a) When the speed is constant, we have v = d/t where v = 343 m/s is assumed. 
Therefore, with t= 15/2 s being the time for sound to travei to the far wall we obtain d = 
(343 m/s) x (15/2 s) which yields a distance of 2.6 km. 

(b) Just as the \ factor in part (a) was l/(n + 1) for n = 1 reflection, so also can we write 


</ = (343m/s) 


15s 
n + l 


„ = (343X15) 
d 


for multiple reflections (with d in meters). For d =25.7 m, we find n = 199 = 2.0x1 0 2 . 


2. The time it takes for a soldier in the rear end of the column to switch from the left to 
the right foot to stride forward is t = 1 min/120 = 1/120 min = 0.50 s. This is also the time 
for the sound of the music to reach from the musicians (who are in the front) to the rear 
end of the column. Thus the length of the column is 


/ = vf=(343m/s)(0.50s)=1.7 x 10 2 m. 


3. (a) The time for the sound to travei from the kicker to a spectator is given by d/v, 
where d is the distance and v is the speed of sound. The time for light to travei the same 
distance is given by d/c, where c is the speed of light. The delay between seeing and 
hearing the kick is At = (d/v) - (d/c). The speed of light is so much greater than the speed 
of sound that the delay can be approximated by At = d/v. This means d = v At. The 
distance from the kicker to spectator A is 


(b) The distance from the kicker to spectator B is d B = v At B = (343 m/s)(0.12 s) = 41 m. 

(c) Lines from the kicker to each spectator and from one spectator to the other form a 
right triangle with the line joining the spectators as the hypotenuse, so the distance 
between the spectators is 


d A = v At A = (343 m/s)(0.23 s) = 79 m. 



4. The density of oxygen gas is 

n rmnw 

= 1.43 kg/m 


0.0320kg , , 3 


' 0.0224 m J 
From v = ^S/ p we find 


B = v 2 p = (3 17 m/s) 2 (l. 43 kg/m 3 ) = 1.44 x IO 5 Pa. 


5. Let tfbe the time for the stone to fali to the water and t s be the time for the sound of the 
splash to travei from the water to the top of the well. Then, the total time elapsed from 
dropping the stone to hearing the splash is t = t/+ t s . If d is the depth of the well, then the 
kinematics of free fali gives 

d = ^gt 2 f => t f = ^2d/g. 

The sound traveis at a constant speed v s , so d = v s t s , or t s = dlv s . Thus the total time is 
t - sjld I g + d I v s . This equation is to be solved for d. Rewrite it as yjld I g - t-d lv s 
and square both sides to obtain 

2d/g =t 2 - 2(t/v s )d + (1 + v 2 s )d 2 . 
Now multiply by gv 2 s and rearrange to get 

gd 2 -2v s (gt + v s )d + gv 2 t 2 = 0. 
This is a quadratic equation for d. Its solutions are 

2v s (gt + v s )± ^4v s 2 [gt + v s f - Ag\)e 

d = . 

2g 

The physical solution must yield d = 0 for t = 0, so we take the solution with the negative 
sign in front of the square root. Once values are substituted the result d = 40.7 m is 
obtained. 


6. Using Eqs. 16-13 and 17-3, the speed of sound can be expressed as 



where B = -{dp I dV)IV . Since V,Â and p are not changed appreciably, the frequency 
ratio becomes 

f í v, p t iidpIdV)/ 

Thus, we have 


(dV/dp) s 



2 

f 1 l 

(dV ldp) i 


v/v J 


v0.333 J 


7. If d is the distance from the location of the earthquake to the seismograph and v s is the 
speed of the S waves then the time for these waves to reach the seismograph is t s . = dlv s . 
Similarly, the time for P waves to reach the seismograph is t p = dlv p . The time delay is 


At = (d/v s ) - (dlv p ) = d(v p - v s )/v s v p , 

so 

v s v At (4.5 km/s)(8.0km/s)(3.0min)(60s/min) tn , rt3l 

d = = = 1.9x10 km. 

(v p -v s ) 8.0 km/s -4.5 km/s 


We note that values for the speeds were substituted as given, in km/s, but that the value 
for the time delay was converted from minutes to seconds. 


8. Let £ be the length of the rod. Then the time of travei for sound in air (speed v s ) will 
be t s = £/ v s . And the time of travei for compressional waves in the rod (speed v r ) will be 

t r = £ I v r . In these terms, the problem tells us that 


t, -t =0.12s = ^ 


Thus, with v s = 343 m/s and v r = 15v s = 5145 m/s, we find £ = 44m . 


9. (a) Using X = v/f, where v is the speed of sound in air and /is the frequency, we find 

, 343 m/s „ rn „ „_ 5 

X = 7 = 7.62x10 m. 

4.50X10 6 Hz 

(b) Now, X = v/f, where v is the speed of sound in tissue. The frequency is the same for 
air and tissue. Thus 


l = (1500 m/s)/(4.50 x IO 6 Hz) = 3.33 x IO" 4 m. 


10. (a) The amplitude of a sinusoidal wave is the numerical coefficient of the sine (or 
cosine) function: p m = 1.50 Pa. 

(b) We identify k = 0.971 and co= 315;r(in SI units), which leads to /= cdln = 158 Hz. 

(c) We also obtain X = 2%/k = 2.22 m. 

(d) The speed of the wave is v = cdk = 350 m/s. 


11. Without loss of generality we take x = 0, and let t = 0 be when s = 0. This means the 
phase is <f>= -7Ú2 and the function is s = (6.0 nm)sin(íuf) at jc = 0. Noting that co = 3000 
rad/s, we note that at t = sin _1 (l/3)/íy = 0.1133 ms the displacement is s = +2.0 nm. 
Doubling that time (so that we consider the excursion from -2.0 nm to +2.0 nm) we 
conclude that the time required is 2(0.1 133 ms) = 0.23 ms. 


12. The key idea here is that the time delay At is due to the distance d that each 
wavefront must travei to reach your left ear (L) after it reaches your right ear (R). 


, . _ , ~ ~ , , d D sin 0 
(a) From the íigure, we íind At = — = 

v v 


(b) Since the speed of sound in water is now v w , with 0 = 90° , we have 


At = 


D sin 90° D 


(c) The apparent angle can be found by substituting D/v w for At : 


At 


DsinO D 


v v. 


Solving for 6 with v w =1482 m/s (see Table 17-1), we obtain 


0 = sin 1 


f ^ 

V 


= sin 


f 343 m/s A 
v 1482 m/sy 


= sin 1 (0.231) = 13° 


13. (a) Consider a string of pulses returning to the stage. A pulse which carne back just 
before the previous one has traveled an extra distance of 2w, taking an extra amount of 
time At = 2w/v. The frequency of the pulse is therefore 

f = ± = ^-= ] 43m/S = 2.3xl0 2 Hz. 
At 2w 2(0.75m) 

(b) Since / °= l/w, the frequency would be higher if w were smaller. 


14. (a) The period is T = 2.0 ms (or 0.0020 s) and the amplitude is Ap m = 8.0 mPa (which 
is equivalent to 0.0080 N/m ). From Eq. 17-15 we get 

kPm &Pm , 1 ^ 1A -9 

5,„ = ^^ = — — = 6.1 x 10 m. 
vpco vp(2jt/7) 

where p = 1.21 kg/m and v = 343 m/s. 

(b) The angular wave number is k = co/v = 27t/vJ = 9.2 rad/m. 

(c) The angular frequency is a>= 2n/T= 3142 rad/s =3.1 x IO 3 rad/s . 

i o 1 

The results may be summarized as s(x, t) = (6. 1 nm) cos[(9.2 m )x-(3.1xl0 s )t]. 

(d) Using similar reasoning, but with the new values for density (p' = 1.35 kg/m 3 ) and 
speed ( v = 320 m/s), we obtain 

s _ AP„ _ ^Pm = 5.9xl0 9 m. 

m v'p'co v'p\2tt/T) 

(e) The angular wave number is k = co/v' = 2n/v'T= 9.8 rad/m. 

(f) The angular frequency is co= 2n/T=3\42 rad/s =3. lxl O 3 rad/s . 

The new displacement function is s(x, t) = (5.9 nm) cos[(9.8 m _1 )x - (3.1 x IO 3 s~ l )t]. 


15. The problem says "At one instant." and we choose that instant (without loss of 
generality) to be t = 0. Thus, the displacement of "air molecule ^4" at that instant is 

Sa = +S m = S m COS(kx A -(Út+ 0)1^ = S m COS(kx A + 0), 

where x A = 2.00 m. Regarding "air molecule W we have 

s B = + \s m = s m cos(kx B -(£>t+ 0)\ t=o = s m cos(kx B + </>). 

These statements lead to the following conditions: 

kx A + (f)=Q 

kx B + ^=cos _1 (l/3)= 1.231 
where x B = 2.07 m. Subtracting these equations leads to 

k{x B - x Á ) = 1.23 1 => k= 17.6 rad/m. 

Using the fact that k = 2%/X we find X = 0.357 m, which means 

f=v/Ã= 343/0.357 = 960 Hz. 

Another way to complete this problem (once k is found) is to use kv = co and then the 
fact that co= 2nf. 


16. Let the separation between the point and the two sources (labeled 1 and 2) be x\ and 
X2, respectively. Then the phase difference is 


Á0 — <f\-<f> 2 =2K 


7 + 


\ 

-271 


J 


r+ft 


2k{x x -x 2 )_ 2^(4.40 m- 4.00 m) 


Ã 


(330 m/s)/ 540 Hz 


= 4.12rad. 


17. (a) The problem is asking at how many angles will there be "loud" resultant waves, 
and at how many will there be "quiet" ones? We note that at ali points (at large distance 
from the origin) along the x axis there will be quiet ones; one way to see this is to note 
that the path-length difference (for the waves traveling from their respective sources) 
divided by wavelength gives the (dimensionless) value 3.5, implying a half-wavelength 
(180°) phase difference (destructive interference) between the waves. To distinguish the 
destructive interference along the +x axis from the destructive interference along the -x 
axis, we label one with +3.5 and the other -3.5. This labeling is useful in that it suggests 
that the complete enumeration of the quiet directions in the upper-half plane (including 
the x axis) is: -3.5, -2.5, -1.5, -0.5, +0.5, +1.5, +2.5, +3.5. Similarly, the complete 
enumeration of the loud directions in the upper-half plane is: -3, -2, -1, 0, +1, +2, +3. 
Counting also the "other" -3, -2, -1, 0, +1, +2, +3 values for the lower-haXí plane, then 
we conclude there are a total of 7 + 7 = 14 "loud" directions. 

(b) The discussion about the "quiet" directions was started in part (a). The number of 
values in the list: -3.5, -2.5, -1.5, -0.5, +0.5, +1.5, +2.5, +3.5 along with -2.5, -1.5, -0.5, 
+0.5, +1.5, +2.5 (for the lower-half plane) is 14. There are 14 "quiet" directions. 


18. At the location of the detector, the phase difference between the wave which traveled 
straight down the tube and the other one which took the semi-circular detour is 


2tt 

A<p = kAd = —(nr-2r). 
A, 

For r = r m ; n we have A0 = n, which is the smallest phase difference for a destructive 
interference to occur. Thus, 

l 40.0 cm 


2(7t-2) 2(7t-2) 


= 17.5 cm. 


19. Let L\ be the distance from the closer speaker to the listener. The distance from the 

other speaker to the listener is L 2 = + d 2 , where d is the distance between the 

speakers. The phase difference at the listener is (f> = 2tí{L 2 - L\)IX, where X is the 
wavelength. 

For a minimum in intensity at the listener, (f>= (2n + \)n, where n is an integer. Thus, 

X = 2(L 2 -L l )l(2n + 1). 

The frequency is 

j-l- %u*> r = a^gaa — (2 „ +1)(34 3hz, 

À 2L/Z 2 + tf 2 -Zj 2L/(3.75m) 2 +(2.00m) 2 -3.75m 

Now 20,000/343 = 58.3, so 2n + 1 must range from 0 to 57 for the frequency to be in the 
audible range. This means n ranges from 0 to 28. 

(a) The lowest frequency that gives minimum signal is {n = 0) f min , = 343 Hz. 

(b) The second lowest frequency is (n = 1) f^ 2 =[2(1) + 1]343 Hz = 1029 Hz = 3/ minl . 
Thus, the factor is 3. 

(c) The third lowest frequency is (n=2) / min 3 =[2(2) + l]343 Hz = 1715 Hz = 5/ min l . Thus, 
the factor is 5. 

For a maximum in intensity at the listener, 0 = 2nn, where n is any positive integer. Thus 
X = {\ln)[^L\+d 2 -A) and 

v nv «(343 m/s) ^ 
J = — = i = j = = n(686Hz). 

^ ^L\+d 2 -L x 1y /(3.75m) 2 +(2.00m) 2 -3.75m 

Since 20,000/686 = 29.2, n must be in the range from l to 29 for the frequency to be 
audible. 

(d) The lowest frequency that gives maximum signal is {n =l) f maxi =686 Hz. 

(e) The second lowest frequency is (n = 2) / max2 = 2(686 Hz) = 1372 Hz = 2/ maxl . Thus, 
the factor is 2. 


(f) The third lowest frequency is (n = 3) f m ^ = 3(686 Hz) = 2058 Hz = 3/ max l . Thus, the 
factor is 3. 


20. (a) To be out of phase (and thus result in destructive interference if they superpose) 
means their path difference must be ÀI2 (or 3/1/2 or 5ÁJ2 or ...). Here we see their path 
difference is L, so we must have (in the least possibility) L = X/2, or q =L/X = 0.5. 

(b) As noted above, the next possibility is L = 3ÃJ2, or q =L/Â = 1 .5. 


21. Building on the theory developed in §17 - 5, we set AL/ Ã = n-\/2, « = 1,2,... in 

order to have destructive interference. Since v = fk, we can write this in terms of 
frequency: 

U n = ^=^ = («-l/2)(286 Hz) 

where we have used v = 343 m/s (note the remarks made in the textbook at the beginning 
of the exercises and problems section) and AL = (19.5 - 18.3 ) m = 1.2 m. 

(a) The lowest frequency that gives destructive interference is (n = 1) 

^=(1-1/2X286 Hz) = 143 Hz. 

(b) The second lowest frequency that gives destructive interference is (n = 2) 

f mm , 2 = (2 - 1 / 2X286 Hz) = 429 Hz = 3(1 43 Hz) = 3/ min>1 . 
So the factor is 3. 

(c) The third lowest frequency that gives destructive interference is (n = 3) 

7^3 =(3 -l/2)(286 Hz) = 715 Hz = 5(143 Hz) = 5/ mm ,. 

So the factor is 5. 

Now we set ALI À, = \ (even numbers) — which can be written more simply as "(ali 
integers n = 1,2,...)" — in order to establish constructive interference. Thus, 

f^, n =^ = n(2S6 Hz). 

(d) The lowest frequency that gives constructive interference is (n =1) / maxl = (286 Hz). 

(e) The second lowest frequency that gives constructive interference is (n = 2) 

/ maX;2 = 2(286 Hz) = 572 Hz = 2/ maxl . 

Thus, the factor is 2. 

(f) The third lowest frequency that gives constructive interference is (n = 3) 

/ mBO = 3(286 Hz) = 858 Hz = 3/^. 

Thus, the factor is 3. 


22. (a) The problem indicates that we should ignore the decrease in sound amplitude 
which means that ali waves passing through point P have equal amplitude. Their 
superposition at P if d = X/4 results in a net effect of zero there since there are four 
sources (so the first and third are X/2 apart and thus interfere destructively; similarly for 
the second and fourth sources). 

(b) Their superposition at P if d = X/2 also results in a net effect of zero there since there 
are an even number of sources (so the first and second being X/2 apart will interfere 
destructively; similarly for the waves from the third and fourth sources). 

(c) If d = X then the waves from the first and second sources will arrive at P in phase; 
similar observations apply to the second and third, and to the third and fourth sources. 
Thus, four waves interfere constructively there with net amplitude equal to 4s m . 


23. (a) If point P is infinitely far away, then the small distance d between the two sources 
is of no consequence (they seem effectively to be the same distance away from P). Thus, 
there is no perceived phase difference. 

(b) Since the sources oscillate in phase, then the situation described in part (a) produces 
fully constructive interference. 

(c) For finite values of x, the difference in source positions becomes significant. The path 
lengths for waves to travei from Si and S2 become now different. We interpret the 
question as asking for the behavior of the absolute value of the phase difference |A$, in 
which case any change from zero (the answer for part (a)) is certainly an increase. 

The path length difference for waves traveling from S\ and 5*2 is 

A£ = jd 2 + x 2 -x for x > 0. 
The phase difference in "cycles" (in absolute value) is therefore 

I I _ M_ _ Jd 2 +x 2 -x 

Thus, in terms of X, the phase difference is identical to the path length difference: 
|A0| = A^>O. Consider A^ = X/2. Then yjd 2 + x 2 = x + X/2 . Squaring both sides, 
rearranging, and solving, we find 

d 2 X 

x = -, • 

X 4 

In general, if A£ = £\ for some multiplier £> 0, we find 

d 2 1 «_ 64.0 e 

X çk = ç 

2Çk 2 Ç 

where we have used d = 16.0 m and X = 2.00 m. 

(d) For A^ = 0.50X,or £ = 0.50 , we have x = (64.0/0.50-0.50) m = 127.5 m« 128 m. 

(e) For A£ = 1.00X,or £ = 1.00, we have x = (64.0/1.00-1.00) m = 63.0 m. 

(f) For A£ = 1.50X,or £ = 1.50, we have x = (64.0/1.50-1.50) m = 41.2 m . 

Note that since whole cycle phase differences are equivalent (as far as the wave 
superposition goes) to zero phase difference, then the £ = 1 , 2 cases give constructive 
interference. A shift of a half-cycle brings "troughs" of one wave in superposition with 
"crests" of the other, thereby canceling the waves; therefore, the £ = \, f , f cases 

produce destructive interference. 


24. (a) Since intensity is power divided by area, and for an isotropic source the area may 

2 

be written A = Anr (the area of a sphere), then we have 


I = L = 10 W ;= 0,080 W/nr. 
A 47t(1.0m) 2 

(b) This calculation may be done exactly as shown in part (a) (but with r = 2.5 m instead 
of r = 1.0 m), or it may be done by setting up a ratio. We illustrate the latter approach. 
Thus, 


/' PI4n{r') 


V f 


I PI Anr 2 
leads to /' = (0.080 W/m 2 )(1.0/2.5) 2 = 0.013 W/m 2 


r 


25. The intensity is the rate of energy flow per unit area perpendicular to the flow. The 
rate at which energy flow across every sphere centered at the source is the same, 
regardless of the sphere radius, and is the same as the power output of the source. If P is 
the power output and / is the intensity a distance r from the source, then P = IA = Anr I, 
where A (= Anr 2 ) is the surface area of a sphere of radius r. Thus 


P = 4tt(2.50 m) 2 (1.91 x IO" 4 W/m 2 ) = 1.50 x IO" 2 W. 


26. Sample Problem 17-5 shows that a decibel difference Á/3 is directly related to an 
intensity ratio (which we write as 7Z = V II ). Thus, 


A^ = 101og(^) => ^ = 10 A/J/10 =10 01 =1.26. 


27. The intensity is given by / = \ pvco s m , where p is the density of air, v is the speed of 

sound in air, co is the angular frequency, and s m is the displacement amplitude for the 
sound wave. Replace co with 271/ and solve for s m : 


1 .()()/ li) \\ tu 


2% 2 pvf 2 \ 27t 2 (1.21 kg/m 3 )(343m/s)(300Hz) : 


= 3.68xl0" 8 m. 


28. (a) The intensity is given by / = PIAnr when the source is "point-like." Therefore, at 
r = 3.00 m, 

1.00xl(T 6 W 


47i(3.00m) 2 


:8.84xl(TW/m' 


(b) The sound levei there is 

^ = 101og 


r 8.84 x IO" 9 W/m 2 ^ 
v 1.00x1 (T 12 W/m : j 


= 39.5dB. 


29. (a) Let I\ be the original intensity and h be the final intensity. The original sound 
levei is fii = (10 dB) log(/i// 0 ) and the final sound levei is fi, = (10 dB) log(/ 2 //o), where h 
is the reference intensity. Since = j5\ + 30 dB which yields 

(10 dB) log(/ 2 // 0 ) = (10 dB) log(/i// 0 ) + 30 dB, 

or 

(10 dB) log(/ 2 // 0 ) - (10 dB) log(/i// 0 ) = 30 dB. 

Divide by 10 dB and use log(/ 2 //o) - log(/i//o) = log(/ 2 //i) to obtain log(/2//i) = 3. Now 
use each side as an exponent of 10 and recognize that l0 log(/2//l) =I 2 I I x . The result is I 2 II\ 
= 10 3 . The intensity is increased by a factor of l.OxlO 3 . 

(b) The pressure amplitude is proportional to the square root of the intensity so it is 
increased by a factor of VlÕÕÕ = 32. 


30. (a) Eq. 17-29 gives the relation between sound levei (3 and intensity /, namely 

/ = /olo (^,OdB) = (10 -12 w/m 2 )10 ^/10dB) =10 -12 +(/? /10dB) w/m 2 

Thus we find that for a j8= 70 dB levei we have a high intensity value of 7hi g h= 10 juW/m 2 . 

(b) Similarly, for /?= 50 dB levei we have a low intensity value of7i ow = 0.10 //W/m 2 . 

(c) Eq. 17-27 gives the relation between the displacement amplitude and /. Using the 
values for density and wave speed, we find s m = 70 nm for the high intensity case. 

(d) Similarly, for the low intensity case we have s m = 7.0 nm. 

We note that although the intensities differed by a factor of 100, the amplitudes differed 
by only a factor of 10. 


31. We use j8 = 10 log(/// 0 ) with 7 0 = 1 x IO" 12 W/m 2 and Eq. 17-27 with ú)=2nf = 
2tt(260 Hz), v = 343 m/s and/?= 1.21 kg/m 3 . 


/ = / o (l0 85 ) = -/7v(27i/) 2 ^ => s m = 7.6xl0~ 7 m = 0.76//m. 


32. (a) Since co= 2nf, Eq. 17-15 leads to 


a /o r\ 1.13xlO- 3 Pa 


27t (1665 Hz) (343 m/s) (l.21 kg/m 3 ) 


which yields s m = 0.26 nm. The nano prefix represents 10~ 9 . We use the speed of sound 
and air density values given at the beginning of the exercises and problems section in the 
textbook. 

(b) We can plug into Eq. 17-27 or into its equivalent form, rewritten in terms of the 
pressure amplitude: 

1 (Ap f 1 (l.l3xl(T 3 Pa) 2 

I = - K Pm) =-— ^ '- = 1.5 nW/m 2 . 

2 pv 2(l.21kg/m 3 )(343m/s) 


33. We use j8= 10 log {II I 0 ) with I 0 = 1 x 10 12 W/m 2 and / = PIAnr 2 (an assumption we 
are asked to make in the problem). We estimate r ~ 0.3 m (distance from knuckle to ear) 
and find 

P - An (0.3 m) 2 (lxl0~ 12 W/m 2 ) IO 6 2 = 2xl0~ 6 W = 2 //W. 


34. The difference in sound levei is given by Eq. 17-37: 


Ayff = (10 db)log 


UJ 


Thus, if A/3 = 5.0 db , then logCT, //,.) = 1/2 , which implies that r. = VI 0/,. . On the other 


hand, the intensity at a distance r from the source is / = T , where P is the power of 

the source. A fixed P implies that I.r? = I f r 2 f . Thus, with r. =1.2 m, we obtain 


r f = 



1/2 

f 1 ^ 


r i = 




vioj 


1/4 


(1.2 m) = 0.67m. 


35. (a) The intensity is 

_p^_ 30-ow 597xl0 -, w/ml 

47ir 2 (47i)(200m) 2 

(b) Let ^ (= 0.750 crri ) be the cross-sectional area of the microphone. Then the power 
intercepted by the microphone is 

p' = IA = 0 = (6.0x10 5 W/m 2 )(0.750cm 2 )(10~ 4 m 2 / cm 2 ) = 4.48 x IO 9 W. 


36. Combining Eqs. 17-28 and 17-29 we have /?= 10 log( 



. Taking differences (for 


sounds A and B) we find 



using well-known properties of logarithms. Thus, we see that Aj3 is independent of r and 
can be evaluated anywhere. 

(a) We can solve the above relation (once we know A(3 = 5.0) for the ratio of powers; we 
find Pa/Pb ~ 3.2. 


(b) At r = 1000 m it is easily seen (in the graph) that A(3 = 5.0 dB. This is the same A(3 we 
expect to find, then, at r = 10 m. 


37. (a) As discussed on page 408, the average potential energy transport rate is the same 
as that of the kinetic energy. This implies that the (average) rate for the total energy is 



3 2 2 

using Eq. 17-44. In this equation, we substitute p= 1.21 kg/m , A = m~ = ^(0.020 m) , v 
= 343 m/s, a>= 3000 rad/s, s m = 12 xlO" 9 m, and obtain the answer 3.4 x 10" 10 W. 

(b) The second string is in a separate tube, so there is no question about the waves 
superposing. The total rate of energy, then, is just the addition of the two: 2(3.4 x 10~ 10 
W) = 6.8x 10" 10 W. 

(c) Now we do have superposition, with § = 0, so the resultant amplitude is twice that of 
the individual wave which leads to the energy transport rate being four times that of part 
(a). We obtain 4(3.4 x 10" 10 W) = 1.4 x IO" 9 W. 

(d) In this case (|) = 0.471, which means (using Eq. 17-39) 

s m ' = 2 s m cos((|)/2) = 1.618s m . 

This means the energy transport rate is (1.618) =2.618 times that of part (a). We obtain 
2.618(3.4 x 10" 10 W) = 8.8x 10" 10 W. 

(e) The situation is as shown in Fig. 17-14(b). The answer is zero. 


38. (a) Using Eq. 17-39 with v = 343 m/s and n = 1, we find /= nvl2L = 86 Hz for the 
fundamental frequency in a nasal passage of length L = 2.0 m (subject to various 
assumptions about the nature of the passage as a "bent tube open at both ends"). 

(b) The sound would be perceptible as sound (as opposed to just a general vibration) of 
very low frequency. 

(c) Smaller L implies larger fhy the formula cited above. Thus, the female's sound is of 
higher pitch (frequency). 


39. (a) From Eq. 17-53, we have 


^ =(1 )(250nVs) =833Hz 
2L 2(0.150m) 

(b) The frequency of the wave on the string is the same as the frequency of the sound 
wave it produces during its vibration. Consequently, the wavelength in air is 

X = ^ = ^^ = 0.418m. 
/ 833Hz 


40. The distance between nodes referred to in the problem means that X/2 = 3.8 cm, or 
Â = 0.076 m. Therefore, the frequency is 


/= v/l = (1500 m/s)/(0.076 m) - 20 x 10 3 Hz. 


41. (a) We note that 1.2 = 6/5. This suggests that both even and odd harmonics are 
present, which means the pipe is open at both ends (see Eq. 17-39). 

(b) Here we observe 1.4 = 7/5. This suggests that only odd harmonics are present, which 
means the pipe is open at only one end (see Eq. 17-41). 


42. At the beginning of the exercises and problems section in the textbook, we are told to 
assume v soun d = 343 m/s unless told otherwise. The second harmonic of pipe A is found 
from Eq. 17-39 with n = 2 and L = La, and the third harmonic of pipe B is found from Eq. 
17-41 with n = 3 and L = L B . Since these frequencies are equal, we have 

^^sound ^^sound ^ = ~* 

2L A ~ 4L B B ~4 A ' 

(a) Since the fundamental frequency for pipe A is 300 Hz, we immediately know that the 
second harmonic has /= 2(300 Hz) = 600 Hz. Using this, Eq. 17-39 gives 

L A = (2)(343 m/s)/2(600 s" 1 ) = 0.572 m. 


(b) The length of pipe B is L B = \L A = 0.429m. 


43. (a) When the string (fixed at both ends) is vibrating at its lowest resonant frequency, 
exactly one-half of a wavelength fits between the ends. Thus, X = 2L. We obtain 

v =fk = 2Lf= 2(0.220 m)(920 Hz) = 405 m/s. 

(b) The wave speed is given by v = yjrl ju, where t is the tension in the string and // is 

the linear mass density of the string. If M is the mass of the (uniform) string, then // = 
MIL. Thus, 

T= juv 2 = (M/L)v 2 = [(800 x IO" 6 kg)/(0.220 m)] (405 m/s) 2 = 596 N. 

(c) The wavelength is l = 2L = 2(0.220 m) = 0.440 m. 

(d) The frequency of the sound wave in air is the same as the frequency of oscillation of 
the string. The wavelength is different because the wave speed is different. If v a is the 
speed of sound in air the wavelength in air is 

K = v a lf= (343 m/s)/(920 Hz) = 0.373 m. 


44. The frequency is/= 686 Hz and the speed of sound is v soun d = 343 m/s. If L is the 
length of the air-column, then using Eq. 17-41, the water height is (in unit of meters) 


where n = 1, 3, 5,. . . with only one end closed. 

(a) There are 4 values oín{n = 1,3,5,7) which satisfies h > 0. 

(b) The smallest water height for resonance to occur corresponds to n = 7 with 
A = 0.125m. 

(c) The second smallest water height corresponds to n = 5 with h = 0.375 m. 


/z = 1.00-1 = 1.00 — — = 1.00- 
4/ 


«(343) 
4(686) 


= (1.00-0.125n)m 


45. (a) Since the pipe is open at both ends there are displacement antinodes at both ends 
and an integer number of half-wavelengths fit into the length of the pipe. If L is the pipe 
length and X is the wavelength then X = 2L/n, where n is an integer. If v is the speed of 
sound then the resonant frequencies are given by/= v/X = nvl2L. Now L = 0.457 m, so 

/= n(344 m/s)/2(0.457 m) = 376.4« Hz. 

To find the resonant frequencies that lie between 1000 Hz and 2000 Hz, first set /= 1000 
Hz and solve for n, then set /= 2000 Hz and again solve for n. The results are 2.66 and 
5.32, which imply that n = 3, 4, and 5 are the appropriate values of n. Thus, there are 3 
frequencies. 

(b) The lowest frequency at which resonance occurs is {n = 3) /= 3(376.4 Hz) = 1 129 Hz. 

(c) The second lowest frequency at which resonance occurs is (n = 4) 


/= 4(376.4 Hz) = 1506 Hz. 


46. (a) Since the difference between consecutive harmonics is equal to the fundamental 
frequency (see section 17-6) then f x = (390 - 325) Hz = 65 Hz. The next harmonic after 
195 Hz is therefore (195 + 65) Hz = 260 Hz. 

(b) Since f„ = nf x then n = 260/65 = 4. 

(c) Only odd harmonics are present in tube B so the difference between consecutive 
harmonics is equal to twice the fundamental frequency in this case (consider taking 
differences of Eq. 17-41 for various values of ri). Therefore, 

fi =|(1320 - 1080) Hz = 120 Hz. 
The next harmonic after 600 Hz is consequently [600 + 2(120)] Hz = 840 Hz. 


(d) Since /„ = nf x (for n odd) then n = 840/120 = 7. 


47. The string is fixed at both ends so the resonant wavelengths are given by X = 2L/n, 
where L is the length of the string and n is an integer. The resonant frequencies are given 

by / = v/X = nvl2L, where v is the wave speed on the string. Now v = yjr/ ju , where T is 

the tension in the string and fl is the linear mass density of the string. Thus 

/ = (n 1 2L)yfr7Ji . Suppose the lower frequency is associated with n = n\ and the higher 

frequency is associated with n = n\ + 1. There are no resonant frequencies between so 
you know that the integers associated with the given frequencies differ by 1. Thus 

/, = (n, /2L)yjT/ju and 

2 2L \fi 2L\ju 2L\jju 1 2L\ ju 
This means f 2 - f x = (1 / 2Z)^/t I ju and 


T = 4L 2 jU(f 2 -f 1 ) 2 = 4(0.300 m) 2 (0.650 x 1 0 3 kg/m)(l 320 Hz - 880 Hz) 2 =45.3N. 


48. (a) Using Eq. 17-39 with n = 1 (for the fundamental mode of vibration) and 343 m/s 
for the speed of sound, we obtain 

/ = (lK ound= 343 m/s =715Hz 
4Z tabe 4(1 .20 m) 

(b) For the wire (using Eq. 17-53) we have 

f = " V wire _ 1 W 
wire wire V " 

where // = m w i re /L w i re . Recognizing that /=/' (both the wire and the air in the tube vibrate 
at the same frequency), we solve this for the tension r. 


r = (2A™ e /) 


f \ 
m 

wire 
V ^wire J 


4/ 2 « wire ^ ire = 4(71.5 Hz) 2 (9.60xl0- 3 kg)(0.330m) = 64.8N. 


49. The top of the water is a displacement node and the top of the well is a displacement 
anti-node. At the lowest resonant frequency exactly one-fourth of a wavelength fits into 
the depth of the well. If d is the depth and X is the wavelength then X = 4d. The frequency 
is / = v/X = v/4d, where v is the speed of sound. The speed of sound is given by 

v = sjB I p, where B is the bulk modulus and p is the density of air in the well. Thus 
f = Q/4d)y[Blp and 



1 1.33xl0 5 Pa 

= 12.4m. 


4(7.00 Hz) V 1.10 kg/m 3 


50. We observe that "third lowest ... frequency" corresponds to harmonic number íia = 3 
for pipe A which is open at both ends. Also, "second lowest . . . frequency" corresponds 
to harmonic number hb = 3 for pipe B which is closed at one end. 


(a) Since the frequency of B matches the frequency of A, using Eqs. 17-39 and 17-41, we 
have 

r _ f 3v _ 3v 


which implies L B = L A 12 = (1.20 m)/2 = 0.60 m . Using Eq. 17-40, the corresponding 
wavelength is 

= 4L, = 4(0.60 m) 
3 3 


The change from node to anti-node requires a distance of X/4 so that every increment of 
0.20 m along the x axis involves a switch between node and anti-node. Since the closed 
end is a node, the next node appears at x = 0.40 m So there are 2 nodes. The situation 
corresponds to that illustrated in Fig. 17-15(b) with n = 3 . 


(b) The smallest value of x where a node is present is x = 0. 

(c) The second smallest value of x where a node is present is x = 0.40m. 


(d) Using v = 343 m/s, we find = v/X = 429 Hz. Now, we find the fundamental resonant 
frequency by dividing by the harmonic number,/! =_^/3 = 143 Hz. 


51. Let the period be T. Then the beat frequency is l/T -440 Hz = 4.00 beats/s. 

Therefore, T = 2.25 x 10 s. The string that is "too tightly stretched" has the higher 
tension and thus the higher (fundamental) frequency. 


52. Since the beat frequency equals the difference between the frequencies of the two 
tuning forks, the frequency of the first fork is either 381 Hz or 387 Hz. When mass is 
added to this fork its frequency decreases (recall, for example, that the frequency of a 

mass-spring oscillator is proportional to 1/ \fm ). Since the beat frequency also decreases 
the frequency of the first fork must be greater than the frequency of the second. It must 
be387Hz. 


53. Each wire is vibrating in its fundamental mode so the wavelength is twice the length 
of the wire (k = 2L) and the frequency is 

f = v/X = (l/2L)^r/fÍ, 

where v = yjr/ ji is the wave speed for the wire, ris the tension in the wire, and jU is the 

linear mass density of the wire. Suppose the tension in one wire is t and the oscillation 
frequency of that wire is f\. The tension in the other wire is T+ Ar and its frequency is/j. 
You want to calculate At/t for f\ = 600 Hz and f 2 = 606 Hz. Now, /, = (\I2L)^tI ju and 

f 2 = (\/2L)j(T + ÁT/jU , so 

f 2 /f l =yj(T+AT)/T = y J\ + (AT/T). 


This leads to Ar/r = (f 2 1 f x f -1 = [(606Hz)/(600Hz)] 2 - 1 = 0.020. 


54. (a) The number of different ways of picking up a pair of tuning forks out of a set of 
five is 5!/(2!3!) = 10. For each of the pairs selected, there will be one beat frequency. If 
these frequencies are ali different from each other, we get the maximum possible number 
oflO. 


(b) First, we note that the minimum number occurs when the frequencies of these forks, 
labeled 1 through 5, increase in equal increments:^ =f\ + níSf, where n = 2, 3, 4, 5. Now, 
there are only 4 different beat frequencies: /beat = nAf, where n = 1, 2, 3, 4. 


55. In the general Doppler shift equation, the trooper's speed is the source speed and the 
speeder's speed is the detector' s speed. The Doppler effect formula, Eq. 17-47, and its 
accompanying rule for choosing ± signs, are discussed in §17-10. Using that notation, we 
have v = 343 m/s, 


v D = v s = 160 km/h = (160000 m)/(3600 s) = 44.4 m/s, 
and/= 500 Hz. Thus, 


/' = (500 Hz) 


^343 m/s -44.4 m/s ^ 


343 m/s -44.4 m/s 


= 500 Hz 


A/ = 0. 


56. The Doppler effect formula, Eq. 17-47, and its accompanying rule for choosing ± 
signs, are discussed in §17-10. Using that notation, we have v = 343 m/s, v D = 2.44 m/s, 
/' = 1590 Hz and/= 1600 Hz. Thus, 


/' = / 


f 


f 


- (v + v £1 )-v = 4.61m/s. 


57. We use vs = rco (with r = 0.600 m and co = 15.0 rad/s) for the linear speed during 
circular motion, and Eq. 17-47 for the Doppler effect (where /= 540 Hz, and v = 343 m/s 
for the speed of sound). 


(a) The lowest frequency is 


/' = / 


^v + 0^ 

yV + V SJ 


= 526 Hz . 


(b) The highest frequency is 


/' = / 


= 555 Hz 


58. We are combining two effects: the reception of a moving object (the truck of speed u 
= 45.0 m/s) of waves emitted by a stationary object (the motion detector), and the 
subsequent emission of those waves by the moving object (the truck) which are picked up 
by the stationary detector. This could be figured in two steps, but is more compactly 
computed in one step as shown here: 


Afinal f'm 


yv-uj 


= (0.150MHz) 


A 343m/s + 45m/s^ 
343 m/s - 45 m/s 


= 0.195 MHz. 


59. In this case, the intruder is moving away from the source with a speed u satisfying u/v 
«: 1. The Doppler shift (with u = -0.950 m/s) leads to 

_ , | 2 1 M | 2(0.95 m/s)(28.0 kHz) 

Aeat-|A A|~ v J'~ ~ 343^ 


60. We use Eq. 17^7 with/= 1200 Hz and v = 329 m/s. 


(a) In this case, v D = 65.8 m/s and v s = 29.9 m/s, and we choose signs so that /' is larger 
than f. 


r 329 m/s + 65.8m/s^ 
329 m/s -29.9 m/s 


= 1.58xl0 3 Hz. 


(b) The wavelength is l = vlf = 0.208 m. 

(c) The wave (of frequency / ') "emitted" by the moving reflector (now treated as a 
"source," so = 65.8 m/s) is returned to the detector (now treated as a detector, so v D = 
29.9 m/s) and registered as a new frequency /": 


/" = /' 


329 m/s + 29.9 m/s ^ 
329 m/s -65. 8 m/s 


= 2.16X10 3 Hz. 


(d) This has wavelength vl f" = 0.152 m. 


61. We denote the speed of the French submarine by u\ and that of the U.S. sub by u-i. 
(a) The frequency as detected by the U.S. sub is 

f 5470 km/h +70.00 km/h ^ 


v + u n 


v v-w, j 


= (1. 000x1 0 J Hz) 


5470 km/h - 50.00 km/h 


= 1.022 x 10 j Hz. 


(b) If the French sub were stationary, the frequency of the reflected wave would bef r = 
/i(v+«2)/(v - ut). Since the French sub is moving towards the reflected signal with speed 
u\, then 


fr=fr 


v + u 


\ v ) 


(v + u x ){v + u 2 ) _ (1 .OOOxlO 3 Hz)(5470 + 50.00)(5470 + 70.00) 


v(v-u 2 ) 


(5470)(5470-70.00) 


1.045x1 0 3 Hz. 


62. When the detector is stationary (with respect to the air) then Eq. 17-47 gives 

/ 


l-v./v 


where v s is the speed of the source (assumed to be approaching the detector in the way 
we've written it, above). The difference between the approach and the recession is 

f _ f = r f 1 _ 1 ^ = ff 2 v s /v 
J J / U-v s /v l+v s /vj / U - (v s /v) 2 

which, after setting (f'-f")/f= 1/2, leads to an equation which can be solved for the 
ratio v s /v. The result is \[5 -2 = 0.236. Thus, v s /v = 0.236. 


63. As a result of the Doppler effect, the frequency of the reflected sound as heard by the 
bat is 


í 


fr=f' 


v + u 


bat 


V V - M bat/ 


= (3.9xl0 4 Hz) 


v + v/40 
v-v/40 


= 4.1xl0 4 Hz. 


64. The "third harmonic" refers to a resonant frequency f$ = 3 f\, where f\ is the 
fundamental lowest resonant frequency. When the source is stationary, with respect to the 
air, then Eq. 17-47 gives 


/' = / 


1 


v ) 


where v d is the speed of the detector (assumed to be moving away from the source, in the 

way we've written it, above). The problem, then, wants us to find v d such that f'= f\ 

when the emitted frequency is f=f$. That is, we require 1 - v d lv = 1/3. Clearly, the 

solution to this is v d Iv = 2/3 (independent of length and whether one or both ends are 

open [the latter point being due to the fact that the odd harmonics occur in both systems]). 
Thus, 


(a) For tube 1, v d =2v/3. 


(b) For tube 2, v d =2v 13. 

(c) For tube 3, v d =2v 13. 

(d) For tube 4, v d =2v/3. 


65. (a) The expression for the Doppler shifted frequency is 


f = f^L 
v + v, 


where / is the unshifted frequency, v is the speed of sound, v D is the speed of the detector 
(the uncle), and vs is the speed of the source (the locomotive). Ali speeds are relative to 
the air. The uncle is at rest with respect to the air, so v D = 0. The speed of the source is v s 
= 10 m/s. Since the locomotive is moving away from the uncle the frequency decreases 
and we use the plus sign in the denominator. Thus 


/'=/- 


v + v c 


(500.0 Hz) 


343 m/s 


343 m/s + 10.00 m/s 


485.8Hz. 


(b) The girl is now the detector. Relative to the air she is moving with speed vo = 10.00 
m/s toward the source. This tends to increase the frequency and we use the plus sign in 
the numerator. The source is moving at = 10.00 m/s away from the girl. This tends to 
decrease the frequency and we use the plus sign in the denominator. Thus (v + v D ) = 

(v + v s ) and/'=/= 500.0 Hz. 

(c) Relative to the air the locomotive is moving at vs = 20.00 m/s away from the uncle. 
Use the plus sign in the denominator. Relative to the air the uncle is moving at v D = 
10.00 m/s toward the locomotive. Use the plus sign in the numerator. Thus 


f=f^± = (500.0 Hz) 


^343 m/s + 10.00 m/s ^ 
343 m/s + 20.00 m/s 


= 486.2 Hz. 


(d) Relative to the air the locomotive is moving at vs = 20.00 m/s away from the girl and 
the girl is moving at v D = 20.00 m/s toward the locomotive. Use the plus signs in both the 
numerator and the denominator. Thus (v + v D ) = (v + vs) and f'=f= 500.0 Hz. 


66. We use Eq. 17-47 with /= 500 Hz and v = 343 m/s. We choose signs to produce f>f. 
(a) The frequency heard in still air is 


/' = (500 Hz) 


A 343 m/s + 30.5 m/s A 
343 m/s -30.5 m/s 


= 598 Hz. 


(b) In a frame of reference where the air seems still, the velocity of the detector is 30.5 
30.5 = 0, and that of the source is 2(30.5). Therefore, 


/' = (500 Hz) 


343 m/s + 0 


343 m/s -2(30.5 m/s) 


608 Hz. 


(c) We again pick a frame of reference where the air seems still. Now, the velocity of the 
source is 30.5 - 30.5 = 0, and that of the detector is 2(30.5). Consequently, 


/' = (500 Hz) 


^343 m/s + 2(30.5 m/s) A 
343 m/s-0 


589Hz. 


67. The Doppler shift formula, Eq. 17—47, is valid only when both u s and u D are 
measured with respect to a stationary médium (i.e., no wind). To modify this formula in 
the presence of a wind, we switch to a new reference frame in which there is no wind. 

(a) When the wind is blowing from the source to the observer with a speed w, we have u 5 
= ud = w in the new reference frame that moves together with the wind. Since the 
observer is now approaching the source while the source is backing off from the observer, 
we have, in the new reference frame, 


f' = f 


K v + u s j 


f 


v + w 


= 2.0x10' Hz. 


In other words, there is no Doppler shift. 

(b) In this case, ali we need to do is to reverse the signs in front of both u ' D and u s- The 
result is that there is still no Doppler shift: 


/' = / 


v — u, 


K v-u s j 


=f 


v — w 


\v-w / 


= 2.0xl0 3 Hz. 


In general, there will always be no Doppler shift as long as there is no relative motion 
between the observer and the source, regardless of whether a wind is present or not. 


68. We note that 1350 km/h is v s = 375 m/s. Then, with 6= 60°, Eq. 17-57 gives v = 
3.3xl0 2 m/s. 


69. (a) The half angle Ooí the Mach cone is given by sin 6= vlvs, where v is the speed of 
sound and is the speed of the plane. Since vs = 1.5v, sin 6= vl\.5v = 1/1.5. This means 
0=42°. 


(b) Let h be the altitude of the plane and suppose the Mach 
cone intersects Earths surface a distance d behind the plane. 
The situation is shown on the diagram below, with P 
indicating the plane and O indicating the observer. The cone 
angle is related to h and d by tan 6= hl d, so d = h 'tan 6. The 
shock wave reaches O in the time the plane takes to fly the 
distance d: 

d h 5000 m 


v vtan# 1.5(331 m/s)tan42 c 


lis. 



70. The altitude H and the horizontal distance x for the legs of a right triangle, so we have 


H = x tan 6 = v t tan 6 = 1 25vt sin 0 


where v is the speed of sound, v p is the speed of the plane and 


í \ 


9 = sin 


K V pJ 


= sin 


í A 


v 1.25v y 


= 53.1 C 


Thus the altitude is 


// = xtan# = (1.25)(330m/s)(60s)(tan53.1°) = 3.30xl0 4 m. 


71. (a) Incorporating a term (k/2) to account for the phase shift upon reflection, then the 
path difference for the waves (when they come back together) is 


\jL 2 + (2c/) 2 - L + À/2 = A(path) . 

Setting this equal to the condition needed to destructive interference (X/2, 3 À/2, 5À/2 ...) 
leads to d = 0, 2.10 m, ... Since the problem explicitly excludes the d = 0 possibility, 
then our answer is d = 2.10 m. 

(b) Setting this equal to the condition needed to constructive interference (Â, 2Â, 3Ã ...) 
leads to d = 1 .47 m, ... Our answer is d = 1 .47 m. 


72. When the source is stationary (with respect to the air) then Eq. 17-47 gives 


/' = / 


where v jis the speed of the detector (assumed to be moving away from the source, in the 
way we've written it, above). The difference between the approach and the recession is 


/""/' = / 


v ) 


V. 


V ) 


=f 


2^ 


which, after setting (f"-f')/f =1/2, leads to an equation which can be solved for the 
ratio Vrf/v. The result is 1/4. Thus, Vdlv = 0.250. 


73. (a) Adapting Eq. 17-39 to the notation of this chapter, we have 

s m ' = 2 s m cos(0/2) = 2(12 nm) cos(;r/6) = 20.78 nm. 
Thus, the amplitude of the resultant wave is roughly 21 nm. 

(b) The wavelength (k = 35 cm) does not change as a result of the superposition. 

(c) Recalling Eq. 17-47 (and the accompanying discussion) from the previous chapter, we 
conclude that the standing wave amplitude is 2(12 nm) = 24 nm when they are traveling 
in opposite directions. 

(d) Again, the wavelength (k = 35 cm) does not change as a result of the superposition. 


74. (a) The separation distance between points A and B is one-quarter of a wavelength; 
therefore, X = 4(0.15 m) = 0.60 m. The frequency, then, is 

/= v/X = (343 m/s)/(0.60 m) = 572 Hz. 

(b) The separation distance between points C and D is one-half of a wavelength; 
therefore, X = 2(0.15 m) = 0.30 m. The frequency, then, is 

/= v/X = (343 m/s)/(0.30 m) = 1 144 Hz (or approximately 1.14 kHz). 


75. Any phase changes associated with the reflections themselves are rendered 
inconsequential by the fact that there are an even number of reflections. The additional 
path length traveled by wave A consists of the vertical legs in the zig-zag path: 2L. To be 
(minimally) out of phase means, therefore, that 2L = ÀJ2 (corresponding to a half-cycle, 
or 180°, phase difference). Thus, L = À/4, otL/â= 1/4 = 0.25. 


76. Since they are approaching each other, the sound produced (of emitted frequency f) 
by the flatcar-trumpet received by an observer on the ground will be of higher pitch/'. In 
these terms, we are told /' -/ = 4.0 Hz, and consequently that /'//= 444/440 = 1.0091. 
With vs designating the speed of the flatcar and v = 343 m/s being the speed of sound, the 
Doppler equation leads to 


/ v ~ v s 


=> V. 


> s = (343 m/s) 


1.0091-1 


1.0091 


= 3.1m/s. 


77. The siren is between you and the cliff, moving away from you and towards the cliff. 
Both "detectors" (you and the cliff) are stationary, so vd = 0 in Eq. 17-47 (and see the 
discussion in the textbook immediately after that equation regarding the selection of ± 
signs). The source is the siren with v,s = 10 m/s. The problem asks us to use v = 330 m/s 
for the speed of sound. 


(a) With /= 1000 Hz, the frequency f y you hear becomes 

fy=f 


v + 0 


K v + v SJ 


= 970.6 Hz = 9.7x1 0 2 Hz. 


(b) The frequency heard by an observer at the cliff (and thus the frequency of the sound 
reflected by the cliff, ultimately reaching your ears at some distance from the cliff) is 


fc=f 


v + 0 


K V ~ V SJ 


= 1031.3 Hz«1.0xl0 J Hz. 


(c) The beat frequency is f c -f y = 60 beats/s (which, due to specific features of the human 
ear, is too large to be perceptible). 


78. Let r stand for the ratio of the source speed to the speed of sound. Then, Eq. 17-55 
(plus the fact that frequency is inversely proportional to wavelength) leads to 

1 > 1 


1 +r 


Solving, we find r= 1/3. Thus, vjv = 0.33. 


2 

79. The source being isotropic means ^ sp here = 47tr is used in the intensity definition / = 
PIA, which further implies 

1^ _ PIAnr 2 2 _ ( r£\ 
/, ~ PIAnr] ~{rj ' 

(a) With h = 9.60 x 10" 4 W/m 2 , r x = 6.10 m, and r 2 = 30.0 m, we find 

h = (9.60 x IO" 4 W/m 2 )(6.10/30.0) 2 = 3.97 x IO" 5 W/m 2 . 

(b) Using Eq. 17-27 with h = 9.60 x 10" 4 W/m 2 , co = 2tt(2000 Hz), v = 343 m/s and p = 
1.21 kg/m 3 , we obtain 

^ = A PÍ = 1 -71xlO- 7 m. 

(c) Eq. 17-15 gives the pressure amplitude: 

Ap m =pvcos m =0.893 Pa. 


80. When <f> = 0 it is clear that the superposition wave has amplitude 2Ap m . For the other 
cases, it is useful to write 

cot 


Apj + Ap 2 = Ap m (sin (cot) + sin(cot - (/))) = \^2Ap m cos^Jsin 


v 


2 


The factor in front of the sine function gives the amplitude Ap r . Thus, 
Ap r /Ap m =2cos(0/2). 

(a) When <p = 0 , Ap r I Ap m = 2 cos(0) = 2.00. 

(b) When p=jcl2, Ap r I Ap m =2cos(^/4) = yÍ2 =1.41. 

(c) When (j)=nl2>, Ap r I Ap m =2cos(^/6) = V3 =1.73. 

(d) When 0=x/4, Ap r /Ap m =2cos(^/8) = 1.85. 


81. (a) With r = 10 m in Eq. 17-28, we have 

7 = -^ => 7> = 10W. 
4nr 2 

(b) Using that value of P in Eq. 17-28 with a new value for r, we obtain 

P W 
7 = T = 0.032— r . 

4tt(5.0) m 2 


Alternatively, a ratio 777 = (rir ') 2 could have been used 
(c) Using Eq. 17-29 with 7= 0.0080 W/m 2 , we have 


^ = 101og— = 99dB 

A) 


where7 0 = 1.0 x 10" 12 W/m 2 


82. We use v = *Jb7~p to find the bulk modulus B: 

5 = v 2 /? = (5.4xl0 3 m/s)' (2.7x1 0 3 kg/m 3 ) = 7.9x1 0 10 Pa. 


83. Let the frequencies of sound heard by the person from the left and right forks be fi 
and f r , respectively. 

(a) If the speeds of both forks are u, then fi iT =jvl{v ± u) and 

1 1 ^_ 2fuv _ 2(440Hz)(3.00m/s)(343m/s) 


Aeat \fr fl\ 

= 7.70 Hz. 


\v-u v + u ) v 2 -u 2 


(343m/s) -(3.00m/s) 


(b) If the speed of the listener is u, then fi r =f{v ± u)lv and 


f**=\f,~ fr\ = *f ~ =2(440 Hz) 

\ v J 


^3.00 m/s A 


343 m/s 


7.70 Hz. 


84. The rule: if you divide the time (in seconds) by 3, then you get (approximately) the 
straight-line distance d. We note that the speed of sound we are to use is given at the 
beginning of the problem section in the textbook, and that the speed of light is very much 
larger than the speed of sound. The proof of our rule is as follows: 

_ d d d 


sound light sound ^ 0 .343km/ S ' 


Cross-multiplying yields (approximately) (0.3 km/s)í = d which (since 1/3 = 0.3) 
demonstrates why the rule works fairly well. 


85. (a) The intensity is given by / = \pvco 2 s 2 m , where p is the density of the médium, v is 

the speed of sound, co is the angular frequency, and s m is the displacement amplitude. The 
displacement and pressure amplitudes are related by Ap m = pvas m , so s m = Apjpvco and / 
= (Ap m ) 2 /2pv. For waves of the same frequency the ratio of the intensity for propagation 
in water to the intensity for propagation in air is 


Pa V a 


where the subscript a denotes air and the subscript w denotes water. Since I a = I w , 

A/V, _ ÍPJÍ _ | (0.998xl0 3 kg/m 3 )(1482m7sy _ 59? 
*P ma Íp a \ V (l-21kg/m 3 )(343m/s) 

The speeds of sound are given in Table 17-1 and the densities are given in Table 15-1. 
(b) Now, Ap mw = Ap ma , so 

4 _ p a v a _ (1.21kg/m 3 )(343m/s) _ 2 glxl() -4 
I a p w v w (0.998xl0 3 kg/m 3 )(1482m/s) 


86. We use Afi 2 = #-# = (10 dB) log(/i// 2 ). 

(a) Since A# 2 = (10 dB) log(/i// 2 ) = 37 dB, we get 

/l//2 = 10 37dB/lodB =io 3 - 7 = 5.0xl0 3 . 

(b) Since Ap m °c s m V7 , we have 

4p«i / àp m2 = 4lJT 2 = V5.0X10 3 = 71. 

(c) The displacement amplitude ratio is s m] / s m2 = 1 1 2 =71. 


87. (a) When the right side of the instrument is pulled out a distance d the path length for 
sound waves increases by 2d. Since the interference pattern changes from a minimum to 
the next maximum, this distance must be half a wavelength of the sound. So 2d = X/2, 
where X is the wavelength. Thus X = 4d and, if v is the speed of sound, the frequency is 

/= v/X = v/4d=(343 m/s)/4(0.0165 m) = 5.2 x IO 3 Hz. 

(b) The displacement amplitude is proportional to the square root of the intensity (see Eq. 

17-27). Write V7 = Cs m , where / is the intensity, s m is the displacement amplitude, and C 

is a constant of proportionality. At the minimum, interference is destructive and the 
displacement amplitude is the difference in the amplitudes of the individual waves: s m = 
ssad - ssbd, where the subscripts indicate the paths of the waves. At the maximum, the 
waves interfere constructively and the displacement amplitude is the sum of the 
amplitudes of the individual waves: s m = ssad + ssbd- Solve 

>/ÍÕÕ = C (s SAD - s SBD ) and VÕÕÕ = C (s SAD - s SBD ) 

for ssad and ssbd- Adding the equations give 

s sad = (VÍÕÕ + V9ÕÕ/2C = 20/C, 

while subtracting them yields 

s SBD = (V9ÕÕ-VÍÕÕ)/2C = 10/C. 

Thus, the ratio of the amplitudes is ssad/ssbd = 2. 

(c) Any energy losses, such as might be caused by frictional forces of the walls on the air 
in the tubes, result in a decrease in the displacement amplitude. Those losses are greater 
on path B since it is longer than path A. 


The angle is sin _1 (v/v,) = sin" 1 (343/685) 


89. The round-trip time is t = 2L/v where we estimate from the chart that the time 
between clicks is 3 ms. Thus, with v = 1372 m/s, we find L = \vt = 2.1 m. 


90. The wave is written as s(x, t) = s m cos(kx ± cot) . 

(a) The amplitude s m is equal to the maximum displacement: s m = 0.30 cm. 

(b) Since X = 24 cm, the angular wave number is k = In I A, = 0.26 cirf 1 . 

(c) The angular frequency is co = 2nf = 2k(25 Hz) = 1.6xl0 2 rad/s . 

(d) The speed of the wave is v = %f= (24 cm)(25 Hz) = 6.0 x IO 2 cm/s. 

(e) Since the direction of propagation is -x , the sign is plus, i.e., s{x,t) = s m cos(fcx + cot) . 


91. The source being a "point source" means ^ sp here = 4rcr is used in the intensity 
definition / = PIA, which further implies 

1^ _ PIAnr 2 2 _ ( r{\ 2 
I, ~ PIAnr] ~{rj ' 

From the discussion in §17-5, we know that the intensity ratio between "barely audible" 
and the "painful threshold" is IO" 12 = hlh. Thus, with r 2 = 10000 m, we find 


r x =r 2 VlO" 12 =0.01m = l cm. 


92. (a) The time it takes for sound to travei in air is t a = L/v, while it takes t m = Llv m for 
the sound to travei in the metal. Thus, 


L L L(v m -v) 
\t = t -t = = m 

V V... V V 


(b) Using the values indicated (see Table 17-1), we obtain 


At l.OOs 

L = = = 364 m. 

l/v-l/v m 1/(343 m/s) - 1/(5941 m/s) 


93. (a) We observe that "third lowest ... frequency" corresponds to harmonic number n = 
5 for such a system. Using Eq. Yl-M, we have 


/ = — => 750Hz = — - 

4L 4(0.60 m) 


sothatv = 3.6xl0 2 m/s. 


(b) As noted, n = 5; therefore,/i = 750/5 = 150 Hz. 


94. We note that waves 1 and 3 differ in phase by n radians (so they cancel upon 
superposition). Waves 2 and 4 also differ in phase by n radians (and also cancel upon 
superposition). Consequently, there is no resultant wave. 


95. Since they oscillate out of phase, then their waves will cancel (producing a node) at a 
point exactly midway between them (the midpoint of the system, where we choose x = 0). 
We note that Figure 17-14, and the n = 3 case of Figure 17-15(a) have this property (of a 
node at the midpoint). The distance Áx between nodes is À/2, where X = v/f and /= 300 
Hz and v = 343 m/s. Thus, Ajc = v/2f= 0.572 m. 

Therefore, nodes are found at the following positions: 

x = nAx = n(0.572m), n = 0,+l,+2,... 

(a) The shortest distance from the midpoint where nodes are found is Ax =0. 

(b) The second shortest distance from the midpoint where nodes are found is Ax=0.572 m. 

(c) The third shortest distance from the midpoint where nodes are found is 2Ax =1.14 m. 


96. (a) With / = 686 Hz and v = 343 m/s, then the "separation between adjacent 
wavefronts" is À = v/f= 0.50 m. 

(b) This is one of the effects which are part of the Doppler phenomena. Here, the 
wavelength shift (relative to its "true" value in part (a)) equals the source speed v s (with 

appropriate ± sign) relative to the speed of sound v : 

— = ±^. 
Â v 

In front of the source, the shift in wavelength is -(0.50 m)(l 10 m/s)/(343 m/s) = -0.16 m, 
and the wavefront separation is 0.50 m - 0.16 m = 0.34 m. 

(c) Behind the source, the shift in wavelength is +(0.50 m)(l 10 m/s)/(343 m/s) = +0.16 m, 
and the wavefront separation is 0.50 m + 0.16 m = 0.66 m. 


97. We use / appropriate for an isotropic source. We have 

_ {D-d) 2 _\ 

where í/ = 50.0 m. We solve for 

D : D = 4ldl[4l -l) = 4l (50.0m)/(>/2 -l) = 171m. 


98. (a) Using m = 7.3 x IO 7 kg, the initial gravitational potential energy is 
U = mgy = 3. 9xlO n J, where h = 550 m. Assuming this converts primarily into kinetic 
energy during the fali, then K = 3.9 x 10 11 J just before impact with the ground. Using 
instead the mass estimate m = 1.7 x IO 8 kg, we arrive atK = 9.2 x 10 11 J. 

(b) The process of converting this kinetic energy into other forms of energy (during the 
impact with the ground) is assumed to take At = 0.50 s (and in the average sense, we take 
the "power" P to be wave-energy/Áí). With 20% of the energy going into creating a 
seismic wave, the intensity of the body wave is estimated to be 

P ( 0.20) K/ At , 2 

1 = = ^ — . ; =0.63 W/m 2 

A MAicr 2 \ 

^hemisphere 2\^' w ) 

using r = 200 x 10 3 m and the smaller value for K from part (a). Using instead the larger 
estimate for K, we obtain I = 1 .5 W/m 2 . 

(c) The surface area of a cylinder of "height" d is 2nrd, so the intensity of the surface 
wave is 

P (020) Kl At , , 2 

/ = — =25xl0 3 W/m 2 

Ayhnder l 2 ^) 

using d = 5.0 m, r = 200 x 10 m and the smaller value for K from part (a). Using instead 
the larger estimate for K, we obtain 7=58 kW/m . 

(d) Although several factors are involved in determining which seismic waves are most 
likely to be detected, we observe that on the basis of the above findings we should expect 
the more intense waves (the surface waves) to be more readily detected. 


99. (a) The period is the reciprocai of the frequency: 

T= \lf= 1/(90 Hz) = 1.1 x IO" 2 s. 
(b) Using v = 343 m/s, we find X = v/f= 3.8 m. 


100. (a) The problem asks for the source frequency / We use Eq. 17^7 with great care 
(regarding its ± sign conventions). 

„, _ ( 340 m/s-16 m/s^ 
[ 340 m/s -40 m/s y 

Therefore, with/' = 950 Hz, we obtain/= 880 Hz. 
(b) We now have 

( 340 m/s + 16 m/s N 
~ 340 m/s + 40 m/s, 


so that with/= 880 Hz, we fínd/' = 824 Hz. 


101. (a) The blood is moving towards the right (towards the detector), because the 
Doppler shift in frequency is an increase: Af> 0. 

(b) The reception of the ultrasound by the blood and the subsequent remitting of the 
signal by the blood back toward the detector is a two-step process which may be 
compactly written as 


/ + ¥ = / 


where v x = v blood cos 0. If we write the ratio of frequencies as R = (f + Aj)lf, then the 
solution of the above equation for the speed of the blood is 


(i? + l)cos# 


v blood = , v , ; =0.90 m/s 


where v = 1540 m/s, 0= 20°, and R = 1 + 5495/5 x IO 6 . 


(c) We interpret the question as asking how Af (still taken to be positive, since the 
detector is in the "forward" direction) changes as the detection angle 0 changes. Since 
larger #means smaller horizontal component of velocity v x then we expect A/ to decrease 
towards zero as #is increased towards 90°. 


102. Pipe A (which can only support odd harmonics - see Eq. 17-41) has length L A . Pipe 
B (which supports both odd and even harmonics [any value of n] - see Eq. 17-39) has 
length L B = 4L A . Taking ratios of these equations leads to the condition: 


Solving for n B we have n B = 2n odd . 

(a) Thus, the smallest value of «g at which a harmonic frequency of B matches that of A 
is n s =2(l)=2. 

(b) The second smallest value of hb at which a harmonic frequency of B matches that of 
AisriB = 2(3)=6. 

(c) The third smallest value of n B at which a harmonic frequency of B matches that of A 
is n s =2(5)=10. 



103. The points and the least-squares fit is shown in the graph that follows. 
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The graph has frequency in Hertz along the vertical axis and l/L in inverse meters along 
the horizontal axis. The function found by the least squares fit procedure is /= 276(1/X) + 
0.037. We shall assume that this fits either the model of an open organ pipe 
(mathematically similar to a string fixed at both ends) or that of a pipe closed at one end. 

(a) In a tube with two open ends,/= v/2L. If the least-squares slope of 276 fits the first 
model, then a value of 


(b) In a tube with only one open end,/= v/4L, and we find v = 4(276 m/s) = 1106 m/s 
-l.lxl O 3 m/s which is more "in the ballpark" of the 1400 m/s value cited in the problem. 

(c) This suggests that the acoustic resonance involved in this situation is more closely 
related to the n = 1 case of Figure 17-15(b) than to Figure 17-14. 


v = 2(276 m/s) = 553 m/s -5.5xl0 2 m/s 


is implied. 


104. (a) Since the source is moving toward the wall, the frequency of the sound as 
received at the wall is 


/" = / 


v 


= (440 Hz) 


343 m/s 


343 m/s -20.0 m/s 


= 467 Hz. 


(b) Since the person is moving with a speed u toward the reflected sound with frequency 
/', the frequency registered at the source is 


fr=f 


f 

= (467 Hz) 


K v J 

V 


343 m/s + 20.0 m/s 
343 m/s 


= 494 Hz. 


105. Using Eq. 17-47 with great care (regarding its ± sign conventions), we have 


/' = (440 Hz) 


340 m/s -80.0 m/s 
340 m/s -54.0 m/s 


= 400 Hz . 


106. (a) Let P be the power output of the source. This is the rate at which energy crosses 
the surface of any sphere centered at the source and is therefore equal to the product of 
the intensity / at the sphere surface and the area of the sphere. For a sphere of radius r, P 
= 4%r 2 I and / = PIAnr 2 . The intensity is proportional to the square of the displacement 
amplitude s m . If we write / = Cs 2 m , where C is a constant of proportionality, then 

Csi = P/4nr 2 . Thus, 


Sm = ^JpiAnr 2 C = [y[P/4nC)(l/r). 


The displacement amplitude is proportional to the reciprocai of the distance from the 
source. We take the wave to be sinusoidal. It traveis radially outward from the source, 
with points on a sphere of radius r in phase. If co is the angular frequency and k is the 
angular wave number then the time dependence is sin(£r - ca). Letting b = ^jPI 4nC, the 
displacement wave is then given by 


s(r, t) = J — — sin(kr - cot) = —sin(kr - cot). 
V 4kC r r 


(b) Since s and r both have dimensions of length and the trigonometric function is 
dimensionless, the dimensions of b must be length squared. 


107. (a) The problem is asking at how many angles will there be "loud" resultant waves, 
and at how many will there be "quiet" ones? We consider the resultant wave (at large 
distance from the origin) along the +x axis; we note that the path-length difference (for 
the waves traveling from their respective sources) divided by wavelength gives the 
(dimensionless) value n = 3.2, implying a sort of intermediate condition between 
constructive interference (which would follow if, say, n = 3) and destructive interference 
(such as the n = 3.5 situation found in the solution to the previous problem) between the 
waves. To distinguish this resultant along the +x axis from the similar one along the -x 
axis, we label one with n = +3.2 and the other n = -3.2. This labeling facilitates the 
complete enumeration of the loud directions in the upper-half plane: n = -3, -2, -1, 0, +1, 
+2, +3. Counting also the "other" -3, -2, -1, 0, +1, +2, +3 values for the lower-haXí 
plane, then we conclude there are a total of 7 + 7 = 14 "loud" directions. 

(b) The labeling also helps us enumerate the quiet directions. In the upper-half plane we 
find: n = -2.5, -1.5, -0.5, +0.5, +1.5, +2.5. This is duplicated in the lower half plane, so 
the total number of quiet directions is 6 + 6 = 12. 


108. The source being isotropic means ^ sp here = 4rcr is used in the intensity definition / = 
PIA. Since intensity is proportional to the square of the amplitude (see Eq. 17-27), this 
further implies 

I 2 J s m2 Y = P/4nr 2 2 J r y 
h ~UJ "PMwf "IrJ 

or Smilsmi = n/r 2 . 

(a) / = PIAnr 2 = (10 W)/4n(3.0 m) 2 = 0.088 W/m 2 . 

(b) Using the notation^ instead of s m for the amplitude, we find 

A 3 4.0 m 


109. (a) In regions where the speed is constant, it is equal to distance divided by time. 
Thus, we conclude that the time difference is 


At = 


L- d 
V 


+ 


V - AV 


J 


L 
V 


where the first term is the travei time through bone and rock and the last term is the 
expected travei time purely through rock. Solving for d and simplifying, we obtain 


VÍV-AV) V 2 
d = At — y - '- « At 


AV 


AV 


(b) If we estimate d ~ 10 cm (as the lower limit of a range that goes up to a diameter of 
20 cm), then the above expression (with the numerical values given in the problem) leads 
to At = 0.8 /is (as the lower limit of a range that goes up to a time difference of 1 .6 jus). 


110. (a) We expect the center of the star to be a displacement node. The star has spherical 
symmetry and the waves are spherical. If matter at the center moved it would move 
equally in ali directions and this is not possible. 

(b) We assume the oscillation is at the lowest resonance frequency. Then, exactly one- 
fourth of a wavelength fits the star radius. If X is the wavelength and R is the star radius 
then X = 4R. The frequency is/= v/X = v/47?, where v is the speed of sound in the star. 
The period is T= \lf= 4R/v. 

(c) The speed of sound is v = JW/ p , where B is the bulk modulus and p is the density 


of stellar material. The radius is R = 9.0 x 10 3 R S , where R s is the radius of the Sun (6.96 
x 10 8 m). Thus 



111. We find the difference in the two applications of the Doppler formula: 


f 2 -f x =37 Hz=/ 


340 m/s + 25 m/s 


340 m/s 


340m/s-15m/s 340m/s-15m/s 


= / 


25 m/s 


v 340 m/s -15 m/s y 


which leads to/ = 4.8x1 0 2 Hz 


112. (a) We proceed by dividing the (velocity) equation involving the new (fundamental) 
frequency /' by the equation when the frequency /is 440 Hz to obtain 


where we are making an assumption that the mass-per-unit-length of the string does not 
change significantly. Thus, with r' =1.2 r, we have /7440 = VL2, which 
gives/' = 482 Hz. 

(b) In this case, neither tension nor mass-per-unit-length change, so the wave speed v is 
unchanged. Hence, using Eq. 17-38 with n = 1 , 



f 



f"k'=fk ^ f'(2L') = f(2L) 


SinceZ' = | L , we obtain f = f (440) = 660 Hz . 


1. Let Tl be the temperature and Pl be the pressure in the left-hand thermometer. 
Similarly, let T R be the temperature and p R be the pressure in the right-hand thermometer. 
According to the problem statement, the pressure is the same in the two thermometers 
when they are both at the triple point of water. We take this pressure to be pj. Writing Eq. 
18-5 for each thermometer, 


T L = (273. 16 K) 


Pi; 


and T R = (273.1 6 K) 


(Pm) 


we subtract the second equation from the first to obtain 

T L -T R =(273. 16K) 


Pl~Pr 


\ Pi ) 

First, we take T L = 373.125 K (the boiling point of water) and T R = 273.16 K (the triple 
point of water). Then,/»i -p R = 120 torr. We solve 


373 . 1 25 K - 273 . 1 6 K = (273 . 1 6 K) 


r \ 20 torr A 

Pi 


for pi. The result is p3 = 328 torr. Now, we let T L = 273.16 K (the triple point of water) 
and Tr be the unknown temperature. The pressure difference is Pl - Pr = 90.0 torr. 
Solving the equation 

f 90 0 torrai 

273.16K-7, =(273. 16K) 

R 328 torr 


for the unknown temperature, we obtain T R = 348 K. 


2. We take pi to be 80 kPa for both thermometers. According to Fig. 18-6, the nitrogen 
thermometer gives 373.35 K for the boiling point of water. Use Eq. 18-5 to compute the 
pressure: 


273. 16K 


Pi = 


A 373.35K A 


273. 16K 


(80kPa) = 109.343kPa. 


The hydrogen thermometer gives 373.16 K for the boiling point of water and 


Pu = 


^373.16K A 


273. 16K 


(80 kPa) = l 09.287 kPa. 


(a) The difference is p^-pu= 0.056 kPa =0.06 kPa . 


(b) The pressure in the nitrogen thermometer is higher than the pressure in the hydrogen 
thermometer. 


3. From Eq. 18-6, we see that the limiting value of the pressure ratio is the same as the 
absolute temperature ratio: (373.15 K)/(273.16 K) = 1.366. 


4. (a) Let the reading on the Celsius scale be x and the reading on the Fahrenheit scale be 
y. Then y = f x + 32 . For x = -71°C, this gives y = -96°F. 

(b) The relationship between y and x may be inverted to yield x = f(_y-32). Thus, forj 
= 134 we findx « 56.7 on the Celsius scale. 


5. (a) Let the reading on the Celsius scale be x and the reading on the Fahrenheit scale be 
y. Then _y = fx + 32.Ifwe require y = 2x, then we have 


2x=^x+32 => x = (5)(32) = 160°C 

which yields y = 2x = 320°F. 

(b) In this case, we require y = \x and find 

I» = i, + 3 2 =* , = -ílffi2)=-24.6»C 
2 5 13 

which yields y = x/2 = -12.3°F. 


6. We assume scales X and Y are linearly related in the sense that reading x is related to 
reading y by a linear relationship y = mx + b. We determine the constants m and b by 
solving the simultaneous equations: 


-70.00 = m (-125.0) + b 
-30.00 = m(375.0) + ô 

which yield the solutions m = 40.00/500.0 = 8.000 x 10" 2 and b = -60.00. With these 
values, we find x for y = 50.00: 

x = z -, = 50.00 + 60.00 =1375OZ 
m 0.08000 


7. We assume scale X is a linear scale in the sense that if its reading is x then it is related 
to a reading y on the Kelvin scale by a linear relationship y = mx + b. We determine the 
constants m and b by solving the simultaneous equations: 

373.15 =m(-53.5)+b 
273.15 = m(-170) +b 

which yield the solutions m = 100/(170 - 53.5) = 0.858 and b = 419. With these values, 
we findx for y = 340: 

x=Zz * = 340- 419 = _ 92 vx 
m 0.858 


8. The change in length for the aluminum pole is 

M = l 0 a A1 AT = (33 m)(23 xlO 6 / C°)( 1 5 °C) = 0.0 1 1 m. 


9. Since a volume is the product of three lengths, the change in volume due to a 
temperature change AT is given by AV= 3aVAT, where Vis the original volume and ais 
the coefficient of linear expansion. See Eq. 18-11. Since V = (4n/3)R , where R is the 
original radius of the sphere, then 


AV = 3a 


v 3 j 


Ar=(23xl0" 6 /C°)(47r)(10cm) 3 (100°C) = 29cm 3 


The value for the coefficient of linear expansion is found in Table 18-2. 


10. (a) The coefficient of linear expansion a for the alloy is 

a _ AL _ 10.015cm-10.000cm _ 1 88xl0 -5 /C o 
LAT (10.01cm)(100 o C-20.000°C) 

Thus, from 100°C to 0°C we have 

AL = ZciAr = (10.015cm)(1.88xl0" 5 /C o )(0 o C-100 o C)= -1.88 x IO" 2 cm. 

The length at 0°C is therefore V = L + AL = (10.015 cm - 0.0188 cm) = 9.996 cm. 
(b) Let the temperature be T x . Then from 20°C to T x we have 

AL = 10.009cm -lO.OOOcm = aLAT = (1.88xl0" s /C°)( 10.000 cm) A7, 

giving AT= 48 °C. Thus, T x = (20°C + 48 °C )= 68°C. 


1 1 . The new diameter is 

D = D 0 (l + a A1 ÁT) = (2.725 cm)[l + (23xl(T 6 /C°)(100.0°C-0.000 o C)] = 2.731cm. 


12. The increase in the surface area of the brass cube (which has six faces), which had 
side length is L at 20°, is 

AA = 6(L + AL) 2 -6L 2 ~\2LAL = \2a b L 2 AT = \2 (19xl(T 6 /C 0 ) (30cm) 2 (75°C-20°C) 
= llcm 2 . 


13. The volume at 30°C is given by 

V' = V(l + J3AT) = V{\ + 3aAT) = (50.00 cm 3 )[1 + 3(29.00x 1 O 6 / C°) (30.00°C - 60.00°C)] 
= 49.87 cm 3 

where we have used J3=3a. 


14. (a) We use p = m/F and 

Ap = A(m/V) = mA(l/V) = -mAV/V 2 = -p(AV/V) = -3p(AL/L). 


The percent change in density is 

^ = -3— = -3(0.23%) = -0.69%. 

(b) Since a= AL/(LAT ) = (0.23 x IO" 2 ) / (100°C - 0.0°C) = 23 x IO" 6 /C°, the metal is 
aluminum (using Table 18-2). 


15. If V c is the original volume of the cup, a a is the coefficient of linear expansion of 
aluminum, and AT is the temperature increase, then the change in the volume of the cup 
is AV C = 3a a V c AT. See Eq. 18-11. If j5 is the coefficient of volume expansion for 
glycerin then the change in the volume of glycerin is AV g = j5V c AT. Note that the original 
volume of glycerin is the same as the original volume of the cup. The volume of glycerin 
that spills is 


AF g -AF c = (^-3a a )F c Ar = r(5.1xl0" 4 /C o )-3(23xl0" 6 /C o )](l00cm 3 )(6.0°C) 
= 0.26cm 3 . 


16. The change in length for the section of the steel ruler between its 20.05 cm mark and 
20.1 1 cm mark is 

AL S = L s a s AT = (20. 1 1 cm)(l 1 x IO" 6 / C°)(270°C - 20°C) = 0.055 cm. 

Thus, the actual change in length for the rod is 

AL = (20.11 cm -20.05 cm) + 0.055 cm = 0.115 cm. 

The coefficient of thermal expansion for the material of which the rod is made is then 

a= AL = 0.115 cm =23xl0 - 6/C o 
A7 270°C - 20°C 


17. After the change in temperature the diameter of the steel rod is A = Ao + c&Ao AT 
and the diameter of the brass ring is A = Ao + (XbDbo AT, where Ao and D to are the 
original diameters, a s and Cfe are the coefficients of linear expansion, and AT is the 
change in temperature. The rod just fits through the ring if D s = Dt. This means 

Ao + a s D s0 AT=D h0 + (XbDbo AT 

Therefore, 

Ao -Ao 3.000cm-2.992cm 


AT = 


a b D bQ -a s D s0 (19.00 x IO 6 / C°)(2.992cm)-(ll.00xl0 -6 / C°) (3.000 cm) 
= 335.0°C. 


The temperature is T= (25.00°C + 335.0 °C) = 360.0°C. 


18. (a) Since A = nD 2 /4, we have the differential dA = 2(nD/4)dD. Dividing the latter 
relation by the former, we obtain dA/A = 2 dD/D. In terms of Á's, this reads 


AA _ 2 AD 


for 


AD 


D 


«1. 


We can think of the factor of 2 as being due to the fact that area is a two-dimensional 
quantity. Therefore, the area increases by 2(0.18%) = 0.36%. 

(b) Assuming that ali dimensions are allowed to freely expand, then the thickness 
increases by 0.18%. 

(c) The volume (a three-dimensional quantity) increases by 3(0.18%) = 0.54%. 

(d) The mass does not change. 

(e) The coefficient of linear expansion is 


AD 


0.18x10 
100°C 


-2 


= 1.8xlO" 5 /C°. 


DAr 


19. The initial volume Vo of the liquid is hoAo where Ao is the initial cross-section area 
and ho = 0.64 m. Its final volume is V = hA where h - ho is what we wish to compute. 
Now, the area expands according to how the glass expands, which we analyze as follows: 
Using A = nr 2 , we obtain 


dA = 2nr dr = 2nr (radT) = 2a(xr 2 )dT = 2aA dT . 


Therefore, the height is 

h _y_ V 0 {l + P liqmd AT) 
A ^{l + la^AT)' 


Thus, with VçJAq = h 0 we obtain 


h-h 0 = h 0 


l + 2a ghss AT 


= (0.64) 


1 + (4xl0" 5 )(10 o ) 
l + 2(lxl0" 5 )(l0 o ) 


= 1.3x10 4 m 


20. We divide Eq. 18-9 by the time increment At and equate it to the (constant) speed v 
100 x IO" 9 m/s. 

0 At 

where L 0 = 0.0200 m and a= 23 x 10" 6 /C°. Thus, we obtain 


^ = 0.217^ = 0.217-. 
At s s 


21. Consider half the bar. Its original length is £ 0 =L 0 /2 and its length after the 
temperature increase is £ = £ 0 + a£ 0 ÁT . The old position of the half-bar, its new position, 
and the distance x that one end is displaced form a right triangle, with a hypotenuse of 
length £ , one side of length £ 0 , and the other side of length x. The Pythagorean theorem 

yields 

x 2 =£ 2 -£\ = £ 2 0 (\ + aAT) 2 -£\. 

Since the change in length is small we may approximate (1 + a AT ) by 1 + 2a AT, 
where the small term (a AT) was neglected. Then, 

x 2 = £\ + 2£\aAT - £\ = 2£\aAT 

and 

x = £ Q ^2aAT = ^^^2(25xl(r 6 /C°)(32°C) = 7.5xl(T 2 m. 


22. (a) The specific heat is given by c = Q/m(Tf - T t ), where Q is the heat added, m is the 
mass of the sample, T t is the initial temperature, and 7} is the final temperature. Thus, 
recalling that a change in Celsius degrees is equal to the corresponding change on the 
Kelvin scale, 

314J 

c = t 7-^7 r = 523 J/kg • K. 

(30.0xl0 3 kg)(45.0°C-25.0°C) 

(b) The molar specific heat is given by 

Q 314J 

c „, = — r = ~, ^ r = 26.2 J/mol ■ K. 

N(T f -T t ) (0.600mol)(45.0°C-25.0°C) 

(c) If is the number of moles of the substance and M is the mass per mole, then m = 
NM, so 

Ar m 30.0 x IO" 3 kg n£nn , 

N = — = z — = 0.600 mol. 

M 50xl0" 3 kg/mol 


23. We use Q = cm AT. The textbook notes that a nutritionisfs "Calorie" is equivalent to 
1000 cal. The mass m of the water that must be consumed is 

Q 3500xl0 3 cal , 1a4 

m = ^— = - - = 94.6xl0 4 g, 

cAT (1 g/cal ■ C°) (37.0°C - 0.0°C ) 

which is equivalent to 9.46 x 10 4 g/(1000 g/liter) = 94.6 liters of water. This is certainly 
too much to drink in a single day! 


24. The amount of water m that is frozen is 

Q 50.2kJ ..... 

m = — = = 0.151kg = 151g. 

L F 333kJ/kg 

Therefore the amount of water which remains unfrozen is 260 g - 151 g = 109 g. 


25. The melting point of silver is 1235 K, so the temperature of the silver must first be 
raised from 15.0° C (= 288 K) to 1235 K. This requires heat 

Q = cm(T f - T t ) = (236 J/kg ■ K)(0.130kg)(1235°C - 288°C) = 2.91 x IO 4 J. 

Now the silver at its melting point must be melted. If L F is the heat of fusion for silver 
this requires 

Q = mL F =(0.130kg)(l05xl0 3 J/kg) = 1.36xl0 4 J. 
The total heat required is ( 2.91 x 10 4 J + 1.36 x 10 4 J ) = 4.27 x 10 4 J. 


26. (a) The water (of mass m) releases energy in two steps, first by lowering its 
temperature from 20°C to 0°C, and then by freezing into ice. Thus the total energy 
transferred from the water to the surroundings is 

Q = c w mÁT + L F m = (4190 J/kg- K)(125kg)(20°C) + (333kJ/kg)(125 kg) = 5.2xl0 7 J. 

(b) Before ali the water freezes, the lowest temperature possible is 0°C, below which the 
water must have already turned into ice. 


27. The mass m = 0.100 kg of water, with specific heat c = 4190 J/kg-K, is raised from an 
initial temperature T t = 23°C to its boiling point Tf= 100°C. The heat input is given by Q 
= cm(Tf- Ti). This must be the power output of the heater P multiplied by the time t; Q = 
Pt. Thus, 

^_ g_ cm(r / -7;) _ (4190J/kg-K)(0.100kg)(l00 o C-23 o C) _ 16()s 
P " 200 J/s ~ S " 


28. The work the man has to do to climb to the top of Mt. Everest is given by 

W=mgy = (73.0 kg)(9.80 m/s 2 )(8840 m) = 6.32 x IO 6 J. 
Thus, the amount of butter needed is 

(6.32xl0 6 J)(^) 

m = ~ 250g. 

6000 cal/g 


29. Let the mass of the steam be m s and that of the ice be m,. Then 

L F m c + c w m c (T f -0.0°C) = m s L s +m s c w (lOO°C-T f ) , 

where 7}= 50°C is the final temperature. We solve for m s : 

L F m c +c w m c (T f -0.0°C) _ (79.7cal/g)(150g) + (lcal/g-°C)(150g)(50 o C-0.0°C) 


m, =- 


L s + c w (1 00°C -T f ) 539 cal / g + (1 cal / g ■ C°)(l 00°C - 50°C) 

= 33g. 


30. (a) Using Eq. 18-17, the heat transferred to the water is 

g w =c lv m lv Ar + Z,m s =(lcal/gC o )(220g)(100 o C-20.0 o C) + (539cayg)(5.00g) 
= 20.3 kcal. 

(b) The heat transferred to the bowl is 

Q b = c h m h AT = (0.0923 cal/g ■ C°) ( 1 50 g) ( 1 00° C - 20.0° C) = 1 . 1 1 kcal. 

(c) If the original temperature of the cylinder be T i} then Q w + Qb = c c m c (Ti - Tf), which 
leads to 

m Q„ + Q h , „ 20.3kcal+ l.llkcal , 


31. We note from Eq. 18-12 that 1 Btu = 252 cal. The heat relates to the power, and to the 
temperature change, through Q = Pt = cmAT. Therefore, the time t required is 

_ cmAT _ (1000cal/kg-C o )(40gal)(1000kg/264gal)(100 o F-70 o F)(5 o C/9°F) 

P (2.0x1 0 5 Btu/h)(252.0 cal/Btu)(l h/ 60 min) 

= 3.0min. 

The metric version proceeds similarly: 

t _ cpVAT _ (4190 J/kg-C°)(l 000 kg/m 3 )(150 L)(l mV 1000 L)(38°C -21°C) 
P (59000 J/s)(60 s/l min) ~ 

= 3.0min. 


32. We note that the heat capacity of sample B is given by the reciprocai of the slope of 
the line in Figure 18-32(b) (compare with Eq. 18-14). Since the reciprocai of that slope is 
16/4 = 4 kJ/kg-C°, then c B = 4000 J/kg-C° = 4000 J/kg-K (since a change in Celsius is 
equivalent to a change in Kelvins). Now, following the same procedure as shown in 
Sample Problem 18-4, we find 

c A m A (T f - T A ) + c B m B (T f -T B ) = 0 
c Ã (5.0 kg)(40°C - 100°C) + (4000 J/kg-C°)(1.5 kg)(40°C - 20°C) = 0 
which leads to c A = 4.0xl0 2 J/kg-K. 


33. The power consumed by the system is 


í 1 A 

cmÁT 

f 1 ^ 

(4. 1 8 J / g ■ °C)(200 x 1 0 3 cm 3 )(1 g / cm 3 )(40°C - 20°C) 

{20% J 

t 

v 20%y 

(1.0h)(3600s/h) 


p = 


= 2.3xl0 4 W. 

Tt, A A' A, A 2.3X10 4 W 2 

The area needed is then ,4 = = 33m . 

700 W/m 2 


34. While the sample is in its liquid phase, its temperature change (in absolute values) is 
| A7 1 = 30 °C. Thus, with m = 0.40 kg, the absolute value of Eq. 18-14 leads to 

\Q\ = cm\AT\ =(3000 J/ kg- °C)(0.40 kg)(30°C) = 36000 J. 

The rate (which is constant) is 

P = \Q\ It = (36000 J)/(40 min) = 900 J/min, 

which is equivalent to 15 Watts. 

(a) During the next 30 minutes, a phase change occurs which is described by Eq. 18-16: 


Thus, with m = 0.40 kg, we find L = 67500 J/kg - 68 kJ/kg. 

(b) During the final 20 minutes, the sample is solid and undergoes a temperature change 
(in absolute values) of | AT | = 20 C°. Now, the absolute value of Eq. 18-14 leads to 


Q\ = P t = (900 J/min)(30 min) = 27000 J = Lm. 


= -\QL 

m |A7] 


m \AT\ 


Pt 


(900)(20) 
(0.40)(20) 


= 2250 


kg-C° 


kg-C° • 


kJ 


35. We denote the ice with subscript / and the coffee with c, respectively. Let the final 
temperature be Tf. The heat absorbed by the ice is 

Qi = \ F mi + m lCw (T f - 0°C), 

and the heat given away by the coffee is \Q C \ = mwC w (Ti - Tf). Setting Qj= \Q C \, we solve 
for Tf. 

T = m^J) -y», = (130g)(4190 J/kg-C°) (80.0°C)-(333 x IO 3 J/g) (12.0 g) 
f ( mi +m c )c w ' (12.0g + 130g)(4190J/kg-C°) 

= 66.5°C. 

Note that we work in Celsius temperature, which poses no difficulty for the J/kg-K values 
of specific heat capacity (see Table 18-3) since a change of Kelvin temperature is 
numerically equal to the corresponding change on the Celsius scale. Therefore, the 
temperature of the coffee will cool by \AT \ = 80.0°C - 66.5°C = 13.5C°. 


36. (a) Eq. 18-14 (in absolute value) gives 

\Q\ = (4190 J/ kg ■ °C )(0.530 kg)(40 °C) = 88828 J. 


Since ^ is assumed constant (we will call it P) then we have 

88828 J _ 88828 J _ 
r 40 min 2400 s ó 1 W ' 

(b) During that same time (used in part (a)) the ice warms by 20 C°. Using Table 18-3 
and Eq. 18-14 again we have 


m ' ce c lce AT (2220)(20°) 2 - 0k ê- 

(c) To find the ice produced (by freezing the water that has already reached 0°C - so we 
concerned with the 40 min < t < 60 min time span), we use Table 18-4 and Eq. 18-16: 

= Q 20 min _ 44414 = 
Wwater becoming ice 333000 U.ljKg. 


37. To accomplish the phase change at 78°C, 

Q=L v m = (879 kJ/kg) (0.510 kg) = 448.29 kJ 

must be removed. To cool the liquid to -1 14°C, 

Q = cm\AT\ = (2.43 kJ/ kg ■ K) (0.510 kg) (192 K) = 237.95 kJ, 

must be removed. Finally, to accomplish the phase change at -1 14°C, 

Q = L F m = (109 kJ/kg) (0.510 kg) = 55.59 kJ 

must be removed. The grand total of heat removed is therefore (448.29 + 237.95 + 55.59) 
kJ = 742 kJ. 


38. The heat needed is found by integrating the heat capacity: 


q= £ 'cm ^r = m^ / cjr = (2.09)| 15 o ^ c (o.20+o.i4r+o.023r 2 )í/r 


15.0 


= (2.0) (0.207/ + 0.070r + 0.00767r ) 5 o (cal) 
82 cal. 


39. We compute with Celsius temperature, which poses no difficulty for the J/kg-K 
values of specific heat capacity (see Table 18-3) since a change of Kelvin temperature is 
numerically equal to the corresponding change on the Celsius scale. If the equilibrium 
temperature is 7/then the energy absorbed as heat by the ice is 

Qi = L F mi + c w miT f - 0°C), 

while the energy transferred as heat from the water is Q w = c w m w (Tf- T). The system is 
insulated, so Q w + Qi= 0, and we solve for 7} : 


(a) Now Tt = 90°C so 


(m,+m c )c w 


T = (4190J/kg C o )(0.500kg)(90°C)-(333xl0 3 J/kg)(0.500kg) ^ 5 
f (0.500 kg + 0.500 kg)(41 90 J/ kg -C°) 

(b) Since no ice has remained at T f =5.3°C , we have m f =0. 

(c) If we were to use the formula above with 7} = 70°C, we would get 7} < 0, which is 
impossible. In fact, not ali the ice has melted in this case and the equilibrium temperature 
is T f = 0°C. 

(d) The amount of ice that melts is given by 

' _ CA,(^-°° C ) _ (4190J/kg C°)(0.500kg)(70C°) 


L F 333 x IO 3 J /kg 


0.440 kg. 


Therefore, the amount of (solid) ice remaining is m/ = mj - m'j = 500 g - 440 g = 60.0 g, 
and (as mentioned) we have 7} = 0°C (because the system is an ice-water mixture in 
thermal equilibrium). 


40. (a) Using Eq. 18-32, we find the rate of energy conducted upward to be 

^o„d = - = kA T ^^ = (0.400 W/m ■ °C)A^- = (16.7 A) W. 
t L 0.12 m 

Recall that a change in Celsius temperature is numerically equivalent to a change on the 
Kelvin scale. 

(b) The heat of fusion in this process is Q = L F m, where L F = 3.33xl0 5 J/kg . 
Differentiating the expression with respect to t and equating the result with P cond , we have 

_dQ dm 

cond dt dt ' 

Thus, the rate of mass converted from liquid to ice is 

dm = P^ = 16.7 A W = (5mxl0 -s A) k /s 
dt L F 3.33xl0 5 J/kg 

(c) Since m = pV = pAh , differentiating both sides of the expression gives 

dm d , . , N , dh 
— = -(pAh) = pA — . 
dt at dt 

Thus, the rate of change of the icicle length is 

dh _ 1 dm _5.02xl0~ 5 kg/m 2 -s 


dt pA dt 1000 kg/m 3 


= 5.02xl0- 8 m/s 


41. (a) We work in Celsius temperature, which poses no difficulty for the J/kg-K values 
of specific heat capacity (see Table 18-3) since a change of Kelvin temperature is 
numerically equal to the corresponding change on the Celsius scale. There are three 
possibilities: 

• None of the ice melts and the water-ice system reaches thermal equilibrium at a 
temperature that is at or below the melting point of ice. 

• The system reaches thermal equilibrium at the melting point of ice, with some of the ice 
melted. 

• AU of the ice melts and the system reaches thermal equilibrium at a temperature at or 
above the melting point of ice. 

First, suppose that no ice melts. The temperature of the water decreases from T W i = 25°C 
to some final temperature Tf and the temperature of the ice increases from Tu = -15°C to 
Tf. If mw is the mass of the water and cw is its specific heat then the water rejects heat 

\Q\ = c w m w {T Wi -T f ). 

If mi is the mass of the ice and ci is its specific heat then the ice absorbs heat 

Q = c 1 m 1 (T f -T Ii ). 

Since no energy is lost to the environment, these two heats (in absolute value) must be 
the same. Consequently, 

c w m w (T m ~T f ) = c l m l (T f - T R ). 

The solution for the equilibrium temperature is 

T = c w m w T m + c l m 1 T li 
i c w m w + Cjfrij 
_ (4 1 90 J / kg ■ K)(0.200 kg)(25 °C) + (2220 J/kg ■ K)(0. 1 00 kg)(-l 5 °C) 
~ (4190 J/kg ■ K)(0.200kg) + (2220 J/kg ■ K)(0.100kg) 

= 16.6°C. 

This is above the melting point of ice, which invalidates our assumption that no ice has 
melted. That is, the calculation just completed does not take into account the melting of 
the ice and is in error. Consequently, we start with a new assumption: that the water and 
ice reach thermal equilibrium at Tf = 0°C, with mass m (< mi) of the ice melted. The 
magnitude of the heat rejected by the water is 

I Q | ~~ c w m w^wi^ 


and the heat absorbed by the ice is 

Q = c I m I (0-T Ii ) + mL F , 

where L F is the heat of fusion for water. The first term is the energy required to warm ali 
the ice from its initial temperature to 0°C and the second term is the energy required to 
melt mass m of the ice. The two heats are equal, so 

c w m w T Wi = -c I m I T [i + mL F . 

This equation can be solved for the mass m of ice melted: 

m= c w m w T Wi +c I m I T Ii 

_ (4190J/kg-K)(0.200kg)(25 o C) + (2220J/kg K)(0.100kg)(-15°C) 

333xl0 3 J/kg " 

= 5.3xl(T 2 kg = 53g. 

Since the total mass of ice present initially was 100 g, there is enough ice to bring the 
water temperature down to 0°C. This is then the solution: the ice and water reach thermal 
equilibrium at a temperature of 0°C with 53 g of ice melted. 

(b) Now there is less than 53 g of ice present initially. Ali the ice melts and the final 
temperature is above the melting point of ice. The heat rejected by the water is 

\Q\ = c w m w {T Wi -T f ) 

and the heat absorbed by the ice and the water it becomes when it melts is 

Q = c I m I (0-T Ii ) + c w m 1 (T f - 0) + mjL F . 


The first term is the energy required to raise the temperature of the ice to 0°C, the second 
term is the energy required to raise the temperature of the melted ice from 0°C to Tf, and 
the third term is the energy required to melt ali the ice. Since the two heats are equal, 

c w m w (T Wi -T f ) = Cjmji-Tj^ + ^mjTf + mjLp. 

Cw m w T wi+CiMi T n-Mi L F 
c w {m w + rrij ) 


The solution for 7/is 


Inserting the given values, we obtain T/= 2.5°C. 


42. If the ring diameter at 0.000°C is Z) r0 then its diameter when the ring and sphere are in 
thermal equilibrium is 

D r =D r0 (l + a c T f ), 


where 7} is the final temperature and a c is the coefficient of linear expansion for copper. 
Similarly, if the sphere diameter at T t (= 100.0°C) is D s0 then its diameter at the final 
temperature is 

where a a is the coefficient of linear expansion for aluminum. At equilibrium the two 
diameters are equal, so 

D r0 (l + a c T f ) = DJ1 + a„(T f -T t )]. 
The solution for the final temperature is 


D sO a a- D rO a c 


_ 2.54000 cm-2.54508cm + (2.54508cm)(23xl0'7C o )(100.0°C) 

(2.54508 cm)(23 x 1 0" 6 /C°)- (2.54000 cm) (17 x 10~ 6 /C°) 
= 50.38°C. 

The expansion coefficients are from Table 18-2 of the text. Since the initial temperature 
of the ring is 0°C, the heat it absorbs is Q = c c m r T f , where c c is the specific heat of 

copper and m r is the mass of the ring. The heat rejected up by the sphere is 

\Q\ = c a m s (T-T f ) 

where c a is the specific heat of aluminum and m s is the mass of the sphere. Since these 
two heats are equal, 

c c m r T f =c a m s {T i -T f ), 
we use specific heat capacities from the textbook to obtain 

m _ cjn r T f _ (386J/kg K)(0.0200kg)(50.38 o C) _ g71xir3l 
' c a( T i- T f) (900 J/kg -K)(100 o C-50.38°C) 


43. Over a cycle, the internai energy is the same at the beginning and end, so the heat Q 
absorbed equals the work done: Q = W. Over the portion of the cycle from A to B the 
pressure p is a linear function of the volume V and we may write 


3 


^°Pa/n/ 

v3 j 


where the coefficients were chosen so that p = 10 Pa when V = 1.0 m and p = 30 Pa 
when V= 4.0 m 3 . The work done by the gas during this portion of the cycle is 


W 


AB 


[pdV=[ 
(40 160 10 10 


3 3 


dV 


3 3 


+ — — - — - |J = 60 J. 
3 3 3 3 


The BC portion of the cycle is at constant pressure and the work done by the gas is 
Wbc = pAV= (30 Pa)(1.0 m 3 - 4.0 m 3 ) = -90 J. 

The CA portion of the cycle is at constant volume, so no work is done. The total work 
done by the gas is 

W= W AB + W BC + W C a = 60 J- 90 J + 0 = -30 J 


and the total heat absorbed is Q = W= -30 J. This means the gas loses 30 J of energy in 
the form of heat. 


44. (a) Since work is done on the system (perhaps to compress it) we write W= -200 J. 

(b) Since heat leaves the system, we have Q = -70.0 cal = -293 J. 

(c) The change in internai energy is AE int = Q-W= -293 J - (-200 J) = -93 J. 


45. (a) One part of path A represents a constant pressure process. The volume changes 
from 1.0 m 3 to 4.0 m 3 while the pressure remains at 40 Pa. The work done is 

r 4 = ^AK = (40Pa)(4.0m 3 -1.0m 3 ) = 1.2xl0 2 J. 

(b) The other part of the path represents a constant volume process. No work is done 
during this process. The total work done over the entire path is 120 J. To find the work 
done over path B we need to know the pressure as a function of volume. Then, we can 
evaluate the integral W= \p dV. According to the graph, the pressure is a linear function 
of the volume, so we may write p = a + bV, where a and b are constants. In order for the 
pressure to be 40 Pa when the volume is 1.0 m 3 and 10 Pa when the volume is 4.00 m 3 
the values of the constants must be a = 50 Pa and b = -10 Pa/m 3 . Thus, 

^ = 50Pa-(10Pa/m 3 )F 

and 

W B = [pdV= | 4 (50-10F)í/F = (50F-5F 2 )|' =200J-50J-80J + 5.0J = 75J. 

(c) One part of path C represents a constant pressure process in which the volume 
changes from 1.0 m 3 to 4.0 m 3 while p remains at 10 Pa. The work done is 

W c =pAV= (10Pa)(4.0m 3 -1.0m 3 ) = 30J. 

The other part of the process is at constant volume and no work is done. The total work is 
30 J. We note that the work is different for different paths. 


46. During process A — > B, the system is expanding, doing work on its environment, so W 
> 0, and since kE mt > 0 is given then Q = W+ AEi nt must also be positive. 

(a) Q > 0. 

(b) ^>0. 

During process 5 — > C, the system is neither expanding nor contracting. Thus, 

(c) fF=0. 

(d) The sign of ÍSE mt must be the same (by the first law of thermodynamics) as that of Q 
which is given as positive. Thus, AE int > 0. 

During process C — > A, the system is contracting. The environment is doing work on the 
system, which implies W < 0. Also, AZsim < 0 because E Ais^ = 0 (for the whole cycle) 
and the other values of ÍSE mt (for the other processes) were positive. Therefore, Q = W + 
AEint must also be negative. 

(e) Q < 0. 

(f) W<0. 

(g) AE int <0. 

(h) The area of a triangle is \ (base)(height). Applying this to the figure, we find 
\W net | = y(2.0m 3 )(20Pa) = 20 J . Since process C — > A involves larger negative work (it 

occurs at higher average pressure) than the positive work done during process A — > B, 
then the net work done during the cycle must be negative. The answer is therefore W net 
= -20J. 


47. We note that there is no work done in the process going from d to a, so Q da = àE int da 
= 80 J. Also, since the total change in internai energy around the cycle is zero, then 

AZiint ac + Aiiint c d + Aiii n t da = 0 

-200 J + A£ int d + 80 J =0 

which yields AEi nt c d= 120 J. Thus, applying the first law of thermodynamics to the c to 
d process gives the work done as 

W cd = Q cd - AE int cd = 180 J - 120 J = 60 J. 


48. (a) We note that process a to b is an expansion, so W> 0 for it. Thus, W a b = +5.0 J. 
We are told that the change in internai energy during that process is +3.0 J, so application 
of the first law of thermodynamics for that process immediately yields Q a t = +8.0 J. 

(b) The net work (+1.2 J) is the same as the net heat {Q a b + Qtc + Qca), and we are told 
that Q ca = +2.5 J. Thus we readily find Q hc = (1 .2 - 8.0 - 2.5) J = -9.3 J. 


49. (a) The change in internai energy àE mt is the same for path iaf and path ibf 
According to the first law of thermodynamics, A£i nt = Q - W, where Q is the heat 
absorbed and W is the work done by the system. Along iaf 

A£ in t = Q - W = 50 cal - 20 cal = 30 cal. 

Along ibf, 

W=Q- AE int = 36 cal - 30 cal = 6.0 cal. 

(b) Since the curved path is traversed from / to i the change in internai energy is -30 cal 
and Q = AE int + W= -30 cal - 13 cal = - 43 cal. 

(c) Let AEint = E int , f - E m , ,-. Then, E mt , f = AE int + E mi , = 30 cal + 10 cal = 40 cal. 

(d) The work Wtfíox the path è/is zero, so Qbf= E m , f- E m , b = 40 cal - 22 cal = 18 cal. 

(e) For the path ibf Q = 36 cal so Qn, = Q - Qbf = 36 cal - 18 cal = 18 cal. 


50. Since the process is a complete cycle (beginning and ending in the same 
thermodynamic state) the change in the internai energy is zero and the heat absorbed by 
the gas is equal to the work done by the gas: Q = W. In terms of the contributions of the 
individual parts of the cycle Qab + Qbc + Qca = W and 

Qca = W- Q AB - Qbc = +15.0 J - 20.0 J - 0 = -5.0 J. 

This means 5.0 J of energy leaves the gas in the form of heat. 


5 1 . The rate of heat flow is given by 

T -T 

^cond ~ K/i ^ > 


where k is the thermal conductivity of copper (401 W/m-K), A is the cross-sectional area 
(in a plane perpendicular to the flow), L is the distance along the direction of flow 
between the points where the temperature is T H and T c . Thus, 

(401 W/m-K) (90.0 x 10^ m 2 )(l25°C-10.0°C) 

^ cond = " >A n9 , n A " = 1-66x10 J/s. 

0.250m 


The thermal conductivity is found in Table 18-6 of the text. Recall that a change in 
Kelvin temperature is numerically equivalent to a change on the Celsius scale. 


52. (a) We estimate the surface area of the average human body to be about 2 m and 
skin temperature to be about 300 K (somewhat less than the internai temperature of 
310 K). ThenfromEq. 18-37 

P r =aeAT 4 = (5.67 x 10~ 8 W/m 2 ■ K 4 )(0.9)(2.0m 2 )(300K) 4 =8xl0 2 W. 

(b) The energy lost is given by 


AE = P r At = (8 x IO 2 W) (30s) = 2 x 10 4 J. 


53. (a) Recalling that a change in Kelvin temperature is numerically equivalent to a 
change on the Celsius scale, we find that the rate of heat conduction is 


P - 

cond 


kA(T H -T c ) (401W/m-K)(4.8xlO" 4 m 2 )(lOO°C) 


1.2m 


= 16 J/s. 


(b) Using Table 18-4, the rate at which ice melts is 


dm 


dt 


P 1 6 T/s 
cond - ° - = 0.048 g/s. 


L F 333 J/g 


54. We refer to the polyurethane foam with subscript p and silver with subscript s. We 
use Eq. 1 8-32 to fmd L = kR. 

(a) From Table 18-6 we find k p = 0.024 W/m-K so 
L P =K R P 

= (0.024 W/m K) (30 ft 2 F° h/Btu)(lm/3.281ft) 2 (5C°/9F°)(3600s/h)(lBtu/1055 J) 
= 0.13m. 


(b) For silver k s = 428 W/m-K, so 
L, = kR = 


s s S 


L P = 


428(30) 
0.024(30) 


(0.13m) = 2.3xl0 3 m. 


55. We use Eqs. 18-38 through 18-40. Note that the surface area of the sphere is given by 
A = Anr 2 , where r = 0.500 m is the radius. 

(a) The temperature of the sphere is T= (273.15 + 27.00) K = 300.15 K. Thus 

P r = aeAT 4 = (5.67xl0~ 8 W/m 2 K 4 )(0.850)(4^)(0.500m) 2 (300.15K) 4 
= 1.23xl0 3 W. 

(b) Now, r env = 273.15 + 77.00 = 350.15 K so 

P a = oeAT^ = (5.67xl0~ 8 W/m 2 ■ K 4 )(0.850)(4^)(0.500m) 2 (350.15 K) 4 = 2.28xl0 3 W. 

(c) From Eq. 18-40, we have 

p n =P a -P r =2.28xl0 3 W-1.23xl0 3 W = 1.05xl0 3 W. 


56. (a) The surface area of the cylinder is given by 

4 = iTir \ + 27ir x \ = 2^(2.5 x 1 (T 2 m) 2 + 2^(2.5 x 1 (T 2 m)(5.0x 1 0" 2 m) = 1 . 1 8 x 1 (T 2 m 2 , 

its temperature is T\ = 273 + 30 = 303 K, and the temperature of the environment is T env = 
273 + 50 = 323 K. From Eq. 18-39 we have 

P, =OE4(r e 4 nv -r 4 ) = (0.85)(l.l8xl0" 2 m 2 )((323K) 4 -(303K) 4 ) = 1.4W. 

(b) Let the new height of the cylinder be hi. Since the volume V of the cylinder is fixed, 
we must have V = 7ir\\ = Tir 1 ^ . We solve for A 2 : 


h 2 = 


í \ 


\ r 2 J 


2.5 cm 
0.50 cm 


(5.0 cm) = 125 cm = 1. 25 m. 


The corresponding new surface area A 2 of the cylinder is 

A 2 = 2nr\+2nr 2 h 2 = 2/r(0.50xl0~ 2 m) 2 +2^(0.50xl0" 2 m)(1.25 m) = 3.94xl0" 2 m 2 . 


Consequently, 


P 2 _A 2 _ 3.94xl0" 2 m 2 


P l A x 1.18xl0" 2 m 2 


= 3.3. 


57. We use P con d = kAAT/L °= A/L. Comparing cases (a) and (b) in Figure 18-44, we have 


P = 

cond b 


v 4A j 


P =4P 

cond a cond a ■ 


Consequently, it would take 2.0 min/4 = 0.50 min for the same amount of heat to be 
conducted through the rods welded as shown in Fig. 18-44(ò). 


58. (a) As in Sample Problem 18-6, we take the rate of conductive heat transfer through 
each layer to be the same. Thus, the rate of heat transfer across the entire wall P w is equal 
to the rate across layer 2 (P 2 ). Using Eq. 18-37 and canceling out the common factor of 
área A, we obtain 

T u - T c AT 2 45 C° AT 2 

(X1/Â4+ L 2 /k 2 + L 3 /k 3 ) ~ (L 2 /k 2 ) (1 + 7/9 + 35/80) " (7/9) 

which leads to AT 2 = 15.8 °C. 

(b) We expect (and this is supported by the result in the next part) that greater 
conductivity should mean a larger rate of conductive heat transfer. 

(c) Repeating the calculation above with the new value for k 2 , we have 

45 C° A7^_ 

(1 + 7/11 +35/80)" (7/11) 

which leads to ÁT 2 = 13.8 °C. This is less than our part (a) result which implies that the 
temperature gradients across layers 1 and 3 (the ones where the parameters did not 
change) are greater than in part (a); those larger temperature gradients lead to larger 
conductive heat currents (which is basically a statement of "Ohm's law as applied to heat 
conduction"). 


59. (a) We use 


T -T 

P - IrAZJL tÇ_ 


with the conductivity of glass given in Table 18-6 as 1.0 W/m-K. We choose to use the 
Celsius scale for the temperature: a temperature difference of 

T H -T C = 72°F - (-20°F) = 92 °F 

is equivalent to f (92) = 51.1C° . This, in turn, is equal to 51.1 K since a change in Kelvin 
temperature is entirely equivalent to a Celsius change. Thus, 


T -T 


( 5i. rc 


=esl = )t^— ^ = (l.0W/m-K) _ 3 =1.7xl0 4 W/m 


A L 


3.0x1 (Tm 


(b) The energy now passes in succession through 3 layers, one of air and two of glass. 
The heat transfer rate P is the same in each layer and is given by 


P = 

cond 


A t h-Tc) 
TL/k 


where the sum in the denominator is over the layers. If L g is the thickness of a glass layer, 
L a is the thickness of the air layer, k g is the thermal conductivity of glass, and k a is the 
thermal conductivity of air, then the denominator is 

^ L = 2L z , L a = 2L g k a +L a k g 


k k g k a k a k g 


Therefore, the heat conducted per unit area occurs at the following rate: 

^ cond _ i T H -T c )k a k g _ (51.1°C)(0.026W/m K)(l.0W/m K) 


A 2L g k a +L a k g 2(3.0xl0" 3 m)(0.026W/m-K) + (0.075m)(1.0W/mK) 


T8W/ 


m 2 . 


60. The surface area of the bali is A = AnR 1 = 4^(0.020 m) 2 = 5.03xl0~ 3 m 2 . Using Eq. 
18-37 with T i = 35 + 273 = 308 K and 7} =47 + 273 = 320 K , the power required to 
maintain the temperature is 

P r = aeA{T* -T*) « (5.67 x IO 8 W/m 2 -K 4 )(0.80)(5. 03x1 0~ 3 m 2 )[(320 K) 4 -(308 K) 4 ] 
= 0.34W. 

Thus, the heat each bee must produce during the 20-minutes interval is 

Q = P r t = (0.34 W)(20 min)(60 s/min) = 
N N 500 


61. We divide both sides of Eq. 18-32 by area A, which gives us the (uniform) rate of 
heat conduction per unit area: 


p t _ t T — T 

1 cond _ l 1 H 1 \ _ L 1 1 C 

— /v, — K A 

A L x 4 L 4 


where T H = 30°C, T y = 25°C and T c = -10°C. We solve for the unknown T. 

T = T C + ^{T H -T l ) = -4.2°C. 
k A L x 


62. (a) For each individual penguin, the surface area that radiates is the sum of the top 
surface area and the sides: 


A r =a + 2nrh -a + 2ftÁ—h = a + 2/zV^rã , 

V 71 


where we have used r = *Jal ' 7t (from a = Kr 1 ) for the radius of the cylinder. For the 

huddled cylinder, the radius is r = yjNa/ K (since Na = Kr' 1 ), and the total surface area 
is 

ÍNa. 


A h =Na + 2nr'h = Na + 2n. h = Na + Ih^Nnã 

Since the power radiated is proportional to the surface area, we have 

p h _ A _ Na + 2h^ÍN7m _ \ + 2h^7r/Na 
NP r NA r N{a + 2h4na) \ + 2h4nTa 

With jV = 1000, a = 0.34 m 2 and A = 1.1 m, the ratio is 


P„ _ \ + 2hjnlNa _ 1 + 2(1.1 m)^/(l 000 0.34 m 2 ) _ 
NP r \ + 2hJãja 1 + 2(1.1 m)^/(0.34 m 2 ) 


(b) The total radiation loss is reduced by 1.00-0.16 = 0.84 , or 84%. 


63. We assume (although this should be viewed as a "controversial" assumption) that the 
top surface of the ice is at T c = -5.0°C. Less controversial are the assumptions that the 
bottom of the body of water is at T H = 4.0°C and the interface between the ice and the 
water is at Tx = 0.0°C. The primary mechanism for the heat transfer through the total 
distance L= 1.4 m is assumed to be conduction, and we use Eq. 18-34: 

K, S A(T H -T X ) _ k ice A(T x -T c ) ^ (0.12M(4.0°-0.0°) _ (0.40M(0.0° + 5.0°) 
L-L L ' 1.4-L L 

ice ice ice ice 

We cancel the area A and solve for thickness of the ice layer: Li ce = 1.1 m. 


64. (a) Using Eq. 18-32, the rate of energy flow through the surface is 

^cond = — — — = (0.026 W/m-K)(4.00xl(T 6 m 2 ) " = 0.208W « 0.21 W. 

cond L y A ' 1.0xl0- 4 m 

(Recall that a change in Celsius temperature is numerically equivalent to a change on the 
Kelvin scale.) 

(b) With P coná t = L v m = L v {pV) = L v {pAh), the drop will last a duration of 

_ L v pAh _ (2.256x10" J/kg)(1000 kg/m 3 )(4.00xl0' 6 m 2 )(1.50xl0" 3 m) 
t — — — S • 

^co„ d 0.208W 


65. Let h be the thickness of the slab and .4 be its area. Then, the rate of heat flow through 
the slab is 

kA{T H -T c ) 


P = 

cond 


where k is the thermal conductivity of ice, Th is the temperature of the water (0°C), and 
Tc is the temperature of the air above the ice (-10°C). The heat leaving the water freezes 
it, the heat required to freeze mass m of water being Q = L F m, where L F is the heat of 
fusion for water. Differentiate with respect to time and recognize that dQldt = P coa d to 
obtain 

P -L — 

cond " F dt ' 

Now, the mass of the ice is given by m = pAh, where p is the density of ice and h is the 
thickness of the ice slab, so dmldt = pA(dhldt) and 

P CO né=L F pA—. 

We equate the two expressions for -P C ond and solve for dh/dt: 

dh_ k{T H -T c ) 
dt L F ph 

Since 1 cal = 4.186 J and 1 cm = 1 x 10" m, the thermal conductivity of ice has the SI 
value 

k= (0.0040 cal/s-cm-K) (4.186 J/cal)/(l x IO" 2 m/cm) = 1.674 W/m-K. 
The density of ice is p= 0.92 g/cm 3 = 0.92 x IO 3 kg/m 3 . Thus, 
dh _ (1.674 W/m- K)(0°C + 10°C) 


dt (333xl0 3 J/kg)(0.92xl0 3 kg/m 3 )(0.050m) 


1.1 xlO" 6 m/s = 0.40 cm/h. 


66. The condition that the energy lost by the beverage can due to evaporation equals the 
energy gained via radiation exchange implies 

The total area of the top and side surfaces of the can is 

A = 7ir 2 +2xrh = ^(0.022 m) 2 +2^(0.022 m)(0.10 m) = 1.53x1 (T 2 m 2 . 
With T env = 32°C = 305 K , T = 15°C = 288 K and e = 1 , the rate of water mass loss is 

dm _ as A 4 ^ (5.67xlQ- 8 W/m 2 K 4 )(1.0)(1.53xlQ- 2 m 2 ) r 4 (2gg Ky n 

dt L v K env ' 2.256X10 6 J/kg ^ ' { ' 1 

= 6.82xl0 7 kg/s = 0.68 mg/s. 


67. We denote the total mass M and the melted mass m. The problem tells us that 
Work/M = p/p, and that ali the work is assumed to contribute to the phase change Q = 
Lm where L = 150 x 10 3 J/kg. Thus, 

p r 5.5xl0 6 M 

— M = Lm => m = 


1200 150xl0 3 


which yields m = 0.0306M. Dividing this by 0.30 M (the mass of the fats, which we are 
told is equal to 30% of the total mass), leads to a percentage 0.0306/0.30 = 10%. 


68. As is shown in the textbook for Sample Problem 18-4, we can express the final 
temperature in the following way: 


= maCaTa + m B c B T B = caT a + çbTb 
f m A c A + m B c B c A + c B 

where the last equality is made possible by the fact that m Ã = m B . Thus, in a graph of Tf 
versus T A , the "slope" must be ca I{ca + c B ), and the "y intercept" is c B I{ca + c B )T B . 
From the observation that the "slope" is equal to 2/5 we can determine, then, not only the 
ratio of the heat capacities but also the coefficient of T B in the "y intercept"; that is, 

c B /(c A + c B )T B = (1 - "slope")r B . 

(a) We observe that the "y intercept" is 150 K, so 

T B = 150/(1 - "slope") = 150/(3/5) 
which yields T B = 2.5 x IO 2 K. 

2 3 

(b) As noted already, ca I{ca + c B ) = j , so 5 ca = 2c a + 2c B , which leads to c b /ca = 2=1-5. 


69. The graph shows that the absolute value of the temperature change is | AT \ = 25 °C. 
Since a Watt is a Joule per second, we reason that the energy removed is 

\Q\ = (2.81 J/s)(20 min)(60 s/min) = 3372 J . 

Thus, with m = 0.30 kg, the absolute value of Eq. 18-14 leads to 

c = ^t = 4.5xl0 2 J/kgK. 
m \AT\ ° 


70. Let m w = 14 kg, m c = 3.6 kg, m m = 1.8 kg, r n = 180°C, T i2 = 16.0°C, and T f = 18.0°C. 
The specific heat c m of the metal then satisfies 

( m w c w + m c c m )(T f -T i2 ) + m m c m (T f -T n ) = 0 

which we solve for c m : 

m w c w (T i2 -T f ) _ (14kg)(4.18kJ/kgK)(16.0°C-18.0°C) 

° m ~ m c (T f -T i2 ) + m m (T f -T n ) ~ (3.6kg)(18.0 o C-16.0 o C)+(1.8kg)(18.0°C -180°C) 
= 0.4 1 kJ/kg ■ C° = 0.4 1 kJ/kg ■ K. 


71. Its initial volume is 5 = 125 cm , and using Table 18-2, Eq. 18-10 and Eq. 18-11, we 
find 

AV = (125 m 3 ) (3x 23x IO" 6 /C°) (50.0 C°) = 0.432cm 3 . 


72. (a) We denote T H = 100°C, T c = 0°C, the temperature of the copper-aluminum 
junction by T\. and that of the aluminum-brass junction by T 2 . Then, 


^ =^f(T H -T x ) = k -f{ Tl -T 2 ) = ^f{T 2 -T c ). 

We solve for T\ and T 2 to obtain 

T -T 0 00 o C-100 o C 
f -j H jç ím = 100°Ch = 84 3°C 

1 " \ + k c (k a +k h )/k a k h 1 + 40 1(235 + 1 09) /[(235)(1 09)] 


(b) and 


T -T 100°C-0 00°C 
T T + 1 _h_^ç = 0.00°C + — 

2 c \ + k b (k c + k a )lk c k a 1 + 1 09(235 + 40 1) /[(235)(40 1)] 

= 57.6°C. 


73. The work (the "area under the curve") for process 1 is ApiVi, so that 

U b -U a = Q 1 -W 1 = 6p i V i 
by the First Law of Thermodynamics. 

(a) Path 2 involves more work than path 1 (note the triangle in the figure of area 
\{Wd(pilZ) = PíVí). With W 2 = AptVi + Pi Vi = 5 Pi V h we obtain 

Q 2 =W 2 +U h -U a = 5p^ + epft = 1 IpjVj . 

(b) Path 3 starts at a and ends at b so that AÍ7 = Ub-U a = 6piVu 


74. We use P con d = kA(T H - Tc)/L. The temperature T H at a depth of 35.0 km is 

P L (54.0 x IO" 3 W/m 2 ) (35.0 x 10 3 m) 

T = _çs5d_ + r V A ^- + 10.0 o C = 766 o C. 

" c 2.50 W/m K 


75. The volume of the disk (thought of as a short cylinder) is nr^L where L = 0.50 cm is 
its thickness and r = 8.0 cm is its radius. Eq. 18-10, Eq. 18-11 and Table 18-2 (which 
gives a = 3.2 x 10" 6 /C°) lead to 


AV= (7rr 2 Z)(3a)(60°C - 10°C) = 4.83 x IO" 2 cm 3 . 


76. We use Q = cmÁT and m = pV. The volume of water needed is 


O (l.00xl0 6 kcal/day)(5days) 

V = — = — - — = — = 35 7 m 

p pCAT (l.OOx IO 3 kg/m 3 ) (1.00 kcal/kg) (50.0°C-22.0°C) 


77. We have W=\p </K(Eq. 18-24). Therefore, 

W = a \V 2 dV = -(v}-V?) = 23 J. 


78. (a) The rate of heat flow is 

kA(T H -T r ) (0.040 W/m- K)(l.8m 2 )(33°C-1.0°C) 

^cond = — — — = " = 2.3 x IO 2 J/s. 

cond L l.OxlO^m 

(b) The new rate of heat flow is 

k'P , (0.60 W/m K)(230 J/s) , , 

cond k 0.040 W/m K 


which is about 15 times as fast as the original heat flow. 


79. We note that there is no work done in process c — > b, since there is no change of 
volume. We also note that the magnitude of work done in process b — > c is given, but not 
its sign (which we identify as negative as a result of the discussion in §18-8). The total 
(or net) heat transfer is Q net = [(-40) + (-130) + (+400)] J = 230 J. By the First Law of 
Thermodynamics (or, equivalently, conservation of energy), we have 

O =W 

ZZnet "net 

= f*U+0 + (-80J) 

Therefore, W a _> c = 3 . 1 x 1 0 2 J. 


80. If the window is L\ high and L 2 wide at the lower temperature and L\ + AL\ high and 
L 2 + AL 2 wide at the higher temperature then its area changes from^i = L\L 2 to 


A 2 = (Z, + ALj ) (L 2 + AL 2 ) ~ L X L 2 + L { AL 2 + L 2 AL t 

where the term ALi AL 2 has been omitted because it is much smaller than the other terms, 
if the changes in the lengths are small. Consequently, the change in area is 

AA = A 2 -A l =L l AL 2 + L 2 AL,. 

If AT is the change in temperature then ALi = ccL\ AT and AL 2 = aL 2 AT, where a is the 
coefficient of linear expansion. Thus 

AA = a{L x L 2 + L X L 2 ) AT = 2aL x L 2 AT 

= 2(9 x IO" 6 /C°) (30 cm) (20 cm) (30°C) 
= 0.32 cm 2 . 


81. Following the method of Sample Problem 18-4 (particularly its third Key Idea), we 
have 

(900 ki^)(2.50 kg)(7) - 92.0°C) + (4190 ^)(8.00 kg)(7> - 5.0°C) = 0 
where Table 18-3 has been used. Thus we find Tf = 10.5°C. 


82. We use Q = -\Fm iC e = W + AEi nt . In this case AEi nt = 0. Since AT= 0 for the ideal gas, 
then the work done on the gas is 

W' = -W = Vn,. = (333 J/g)(100g) = 33.3kJ. 


83. This is similar to Sample Problem 18-3. An important difference with part (b) of that 
sample problem is that, in this case, the final state of the H 2 0 is ali liquid at T/> 0. As 
discussed in part (a) of that sample problem, there are three steps to the total process: 


Thus, 


Q = m [c ice (0 C° - (-150 C°)) + L F + c liqmd ( T f - 0 C°)] 
g/w-(c lce (150 o )+L f ) 


Cliquid 


79.5°C 


84. We take absolute values of Eq. 18-9 and Eq. 12-25: 

\AL\ = La I A7 1 and 


F 




= E 


~A 


L 


The ultimate strength for steel is (F/A) mptms = S u = 400 x IO 6 N/m 2 from Table 12-1. 
Combining the above equations (eliminating the ratio AL/L), we find the rod will rupture 
if the temperature change exceeds 


400x1 0 6 N/m 2 


Ea (200xl0 9 N/m 2 )(llxlO" 6 /C°) 


= 182°C. 


Since we are dealing with a temperature decrease, then, the temperature at which the rod 
will rupture is T= 25.0°C - 182°C = -157°C. 


85. The problem asks for 0.5% of E, where E = Pt with t = 120 s and P given by Eq. 18- 
38. Therefore, with .4 = 4nr 2 = 5.0 x 10 " 3 m 2 , we obtain 


(0.005) Pí = (0.005)<J£AT 4 t = 8.6 J. 


86. From the law of cosines, with d} = 59.95°, we have 

^Invar — ^alum + ^steel — 2Z, a l um Z, s t e el COS (|) 

Plugging in L = L 0 (1 + aAT), dividing by L 0 (which is the same for ali sides) and 
ignoring terms of order (AT) 2 or higher, we obtain 

1 + 2ai nvar Ar = 2 + 2 (ciaium + a st eei) AT - 2(1 + (a a ium + a stee i) AT) COS (|) . 
This is rearranged to yield 

cos d) - Vi 

AT = 7 1 ^7 ^ = =46°C, 

(a a l um + (Xsteel) (1 - COS (|)) - ai nva r 


so that the final temperature is T = 20.0° + AT = 66° C. Essentially the same argument, 
but arguably more elegant, can be made in terms of the differential of the above cosine 
law expression. 


87. We assume the ice is at 0°C to being with, so that the only heat needed for melting is 
that described by Eq. 18-16 (which requires information from Table 18-4). Thus, 


Q = Lm = (333 J/g)(1.00 g) = 333 J . 


88. Let the initial water temperature be T wi and the initial thermo meter temperature be T ti . 
Then, the heat absorbed by the thermometer is equal (in magnitude) to the heat lost by the 
water: 

c t m, ( T f - T ti ) = c w m w ( T wi - 7} ) . 
We solve for the initial temperature of the water: 


_c t m t (T f -T ti ) ^ _ (0.0550kg)(0.837kJ/kgK)(44.4-15.0)K 
= 45.5°C. 


T - ' ' w -!- + T =— — ' - — : — h44 4 0 C 

c w m w f (4.18kJ/kg-C°)(0.300kg) 


89. For a cylinder of height h, the surface area is A c = 2nrh, and the area of a sphere is A Q 
= 4nR . The net radiative heat transfer is given by Eq. 18-40. 

(a) We estimate the surface area A of the body as that of a cylinder of height 1.8 m and 
radius r = 0.15 m plus that of a sphere of radius R = 0.10 m. Thus, we have A~A C +A 0 = 
1.8 m 2 . The emissivity e = 0.80 is given in the problem, and the Stefan-Boltzmann 
constant is found in §18-1 1: c = 5.67 x 10~ 8 W/m 2 -K 4 . The "environment" temperature is 
Tenv = 303 K, and the skin temperature is T= f (102 - 32) + 273 = 312 K. Therefore, 

p net =o-^(r e 4 nv -r 4 ) = -86w. 

The corresponding sign convention is discussed in the textbook immediately after Eq. 18- 
40. We conclude that heat is being lost by the body at a rate of roughly 90 W. 

(b) Half the body surface area is roughly A = 1.8/2 = 0.9 m . Now, with T env = 248 K, we 
find 

K et l = lMC-^)l«2.3xl0 2 W. 

(c) Finally, with r env = 193 K (and still with ,4 = 0.9 m 2 ) we obtain |P net | = 3.3x1 0 2 W. 


90. One method is to simply compute the change in length in each edge (jco = 0.200 m 
and y 0 = 0.300 m) from Eq. 18-9 (Ax = 3.6 x 10 " 5 m and Ay = 5.4 x 10 " 5 m) and then 
compute the area change: 

A - A 0 = (x 0 + Ax) (y 0 + Ay) - x 0 y 0 = 2.16 x IO" 5 m 2 . 


Another (though related) method uses AA = IccAqAT (valid for A A/ A <sc 1 ) which can be 
derived by taking the differential of A = xy and replacing d 's with A's. 


91. (a) Let the number of weight lift repetitions be N. Then Nmgh = Q, or (using Eq. 18- 
12 and the discussion preceding it) 


N _ Q _ (3500Cal)(4186J/Cal) 
mgh (80.0kg) (9.80m/s 2 ) (l.OOm) 


(b) The time required is 


í = (18700)(2.00s) 


( l.OOh ^ 
v 3600s y 


= 10.4h. 


92. The heat needed is 


10J 


Q = (1 0%)mL F = — (200, 000 metric tons) (1 000 kg / metric ton) (333 kJ/kg) 


= 6.7xl0 12 J. 


93. The net work may be computed as a sum of works (for the individual processes 
involved) or as the "area" (with appropriate ± sign) inside the figure (representing the 
cycle). In this solution, we take the former approach (sum over the processes) and will 
need the following fact related to processes represented in /»Fdiagrams: 

for straight Une Work = — +Pf ÁV 

which is easily verified using the definition Eq. 18-25. The cycle represented by the 
"triangle" BC consists of three processes: 

• "tilted" straight line from (1.0 m 3 , 40 Pa) to (4.0 m 3 , 10 Pa), with 

„ T , 40Pa + lOPa n 3 . n 3 \ 
Work = (4.0m -1.0m 3 ) = 75J 

• horizontal line from (4.0 m 3 , 10 Pa) to (1.0 m 3 , 10 Pa), with 


Work = (l0Pa)(l.0m 3 -4.0m 3 ) = -30 J 


• vertical line from (1.0 m 3 , 10 Pa) to (1.0 m 3 , 40 Pa), with 

,„ . 10Pa + 40Pa /. 3 3 . 
Work = [l.Om -l.Om j = 0 

(a) and (b) Thus, the total work during the BC cycle is (75 - 30) J = 45 J. During the BA 
cycle, the "tilted" part is the same as before, and the main difference is that the horizontal 
portion is at higher pressure, with Work = (40 Pa)(-3.0 m ) = -120 J. Therefore, the total 
work during the BA cycle is (75 - 120) J = - 45 J. 


94. For isotropic materiais, the coefficient of linear expansion a is related to that for 
volume expansion by a = \/3 (Eq. 18-11). The radius of Earth may be found in the 

Appendix. With these assumptions, the radius of the Earth should have increased by 
approximately 

AR E =i? £ aAr = (6.4xl0 3 km)f-](3.0xlO" 5 /K) (3000K-300K) = 1.7xl0 2 km. 


95. (a) Regarding part (a), it is important to recognize that the problem is asking for the 
total work done during the two-step "path": a —>b followed by b —> c. During the latter 
part of this "path" there is no volume change and consequently no work done. Thus, the 
answer to part (b) is also the answer to part (a). Since AU for process c —> a is -160 J, 
then U c - U a = 160 J. Therefore, using the First Law of Thermodynamics, we have 

\60 = U C -U h + U b -U a 

= Q h ^-w h ^+Q a ^-w a ^ b 

= 40 -0 + 200 
Therefore, W a ^ h ^ c = W a ^ h = S0 J. 


(b) 0^ = 80 J. 


96. Since the combination "p\V" appears frequently in this derivation we denote it as "x. 
Thus for process 1, the heat transferred is Q\ = 5x = AEi nt \ + W\ , and for path 2 (which 
consists of two steps, one at constant volume followed by an expansion accompanied by 
a linear pressure decrease) it is Q 2 = 5.5x = AEi nt 2 + W 2 . If we subtract these two 
expressions and make use of the fact that internai energy is state function (and thus has 
the same value for path 1 as for path 2) then we have 

5.5x - 5x = W 2 - W\ = "area" inside the triangle = ^ (2 V\ )(p 2 -pi) . 

Thus, dividing both sides by x (=P\V\), we find 

0.5 = 21 - 1 


which leads immediately to the result: p 2 /pi= 1.5 . 


97. The cube has six faces, each of which has an area of (6.0 x 10 m) . Using Kelvin 
temperatures and Eq. 18-40, we obtain 


P net = aeA(T: nv -T 4 ) 


f 8 W " 

5.67x10 / - 
v m 2 -K 4 y 

= -6.1xl0~ 9 W. 


(0.75) (2.16X10 10 m 2 ) ((123.15 K) 4 - (173.15 K) 4 ) 


98. We denote the density of the liquid as p, the rate of liquid flowing in the calorimeter 
as ju, the specific heat of the liquid as c, the rate of heat flow as P, and the temperature 
change as AT. Consider a time duration dt, during this time interval, the amount of liquid 
being heated is dm = /ipdt. The energy required for the heating is 

dQ = Pdt = c(dm) AT = c/jATdt. 

Thus, 

P 250 W 

c = 


pjuAT (8.0xl0 6 m 3 /s)(0.85xl0 3 kg/m 3 )(15°C) 
= 2.5xl0 3 J/kg- C° = 2.5xl0 3 J/kg- K. 


99. Consider the object of mass m\ falling through a distance h. The loss of its 
mechanical energy is AE = m\gh. This amount of energy is then used to heat up the 
temperature of water of mass m 2 : AE = ni\gh = Q = m 2 cAT. Thus, the maximum possible 
rise in water temperature is 

Ar _ m 1 g/ Z _ (6.00kg)(9.8m/s 2 )(50.0m) _ i ^ 
m 2 c (0.600kg)(4190J/kg-C°) 


1. (a) Eq. 19-3 yields n = M sam /M= 2.5/197 = 0.0127 mol. 
(b) The number of atoms is found from Eq. 19-2: 

N = nN A = (0.0127)(6.02 x IO 23 ) = 7.64 x IO 21 . 


2. Each atom has a mass of m = M/Na, where M is the molar mass and Na is the 
Avogadro constant. The molar mass of arsenic is 74.9 g/mol or 74.9 x 10 kg/mol. 
Therefore, 7.50 x IO 2 arsenic atoms have a total mass of 


(7.50 x IO 24 ) (74.9 x IO" 3 kg/mol)/(6.02 x IO 23 mol" 1 ) = 0.933 kg. 


3. With V= 1.0 x 10~ 6 m 3 ,p= 1.01 x IO" 13 Pa, and 7= 293 K, the ideal gas law gives 


D v Í1.01 x 10 13 Pa) íl.OxlO" 6 m 3 ) 

n = ^-= { - } \-, , '- = 4.1 x 10 mole. 

RT (8.31 J/mol-K) (293 K) 

Consequently, Eq. 19-2 yields N = hNa = 25 molecules. We can express this as a ratio 
(with Vnow written as 1 cm ) NIV= 25 molecules/cm 3 . 


4. (a) We solve the ideal gas law pV = nRTíox n: 

D y (100Pa)(l.0xl(T 6 m 3 ) 

n = i— = y ^ '- = 5.47 x l(T 8 mol. 

RT (8.31J/mol-K)(220K) 

(b) Using Eq. 19-2, the number of molecules N is 

N = nN A = (5.47 x 1(T 6 mol) (6.02 x IO 23 mor 1 ) = 3.29 x IO 16 molecules. 


5. Since (standard) air pressure is 101 kPa, then the initial (absolute) pressure of the air is 
Pi = 266 kPa. Setting up the gas law in ratio form (where n, = «/ and thus cancels out — 


see Sample Problem 19-1), we have 


PfVf _ T f 


which yields 


P f =Pi 


K V fJ 


= (266kPa) 


r 1.64xl0" 2 m 3 Y 300K^ 


1.67 x 10 m 


273 K 


287 kPa 


Expressed as a gauge pressure, we subtract 101 kPa and obtain 186 kPa. 


6. (a) With T= 283 K, we obtain 


100 x IO 3 Pa 2.50m 


pV 

i?T ~ (8.31J/mol-K)(283K) 


106mol. 


(b) We can use the answer to part (a) with the new values of pressure and temperature, 
and solve the ideal gas law for the new volume, or we could set up the gas law in ratio 
form as in Sample Problem 19-1 (where = Hf and thus cancels out): 


Pf V f 


T; 


which yields a final volume of 


v f =v t 


P±_ 

yPfj 


= (2.50m 3 ) 


lOOkPa 


v 300kPa y 


303 K 


v 283K y 


= 0.892 m 3 


7. (a) In solving pV = nRT for n, we first convert the temperature to the Kelvin scale: 
T = (40. 0 + 273.15)K = 313.15 K. And we convert the volume to SI units: 1000 cm" 


1000 x 10 m . Now, according to the ideal gas law, 


dV (l.01xl0 5 Pa)(l000xl0- 6 m 3 ) 

n = ^— = ^— - ^— —!- = 3.88 x IO" 2 mol. 

RT (8.31J/mol-K)(313.15K) 


(b) The ideal gas law pV = nRT leads to 


D y (l.06xl0 5 Pa)(l500xlO" 6 m 3 ) 

T = — = - ^ '- = 493K 

nR (3.88 xl0~ 2 mol) (8.3 U/mol K) 


3 


We note that the final temperature may be expressed in degrees Celsius as 220°C. 


8. The pressure p\ due to the first gas is p\ = n\RTIV, and the pressure p 2 due to the 
second gas is p 2 = n 2 RTIV. So the total pressure on the container wall is 


n,RT n 7 RT , s RT 

P = Pi + Pi= -y- + — — = («i + n 2 ) — . 


The fraction of P due to the second gas is then 


p 2 _ n 2 RT IV _ n 2 _ 0.5 _q 2 
p ~ (n i +n 2 )(RT/V) ~n 1 + n 2 ~2 + 0.5~ 


9. (a) Eq. 19-45 (which gives 0) implies Q = W. Then Eq. 19-14, with T = (273 + 
30.0)K leads to gives Q = -3.14 x IO 3 J, or | Q \ = 3.14 x IO 3 J. 

(b) That negative sign in the result of part (a) implies the transfer of heat is from the gas. 


10. The initial and final temperatures are T t = 5.00°C = 278 K and 7} = 75.0°C = 348 K . 
respectively. Using ideal-gas law with V i = V f , we find the final pressure to be 


Pf V f = T f 


p f = Y Pí= 


^348K A 
v 278K y 


(1.00 atm) = 1.25 atm. 


11. Using Eq. 19-14, we note that since it is an isothermal process (involving an ideal gas) 
then Q = W = nRT \n(Vf/Vi) applies at any point on the graph. An easy one to read is Q 

3 3 

= 1000 J and Vf = 0.30 m , and we can also infer from the graph that V, = 0.20 m . We 
are told that n = 0.825 mol, so the above relation immediately yields T= 360 K. 


12. Since the pressure is constant the work is given by W = p(V2 - V\). The initial volume 
is V l =(AT l -BT 2 )/p , where Ti=315 K is the initial temperature, A =24.9 J/K and 
5=0.00662 J/K 2 . The final volume is V 2 = (AT 2 -BT 2 2 )/p, where T 2 =315 K. Thus 

W = A(T 2 -T X )-B(T 2 2 -T X 2 ) 

= (24.9 J/K)(325 K-315 K) - (0.00662 J/K 2 )[(325 K) 2 -(315 K) 2 ] = 207 J.' 


13. Suppose the gas expands from volume V t to volume F/during the isothermal portion 
of the process. The work it does is 


W 


= f f pdV = nRT f V ' — = nRT\n y -^, 
Jv, Jv, V V 


V f 


V; 


where the ideal gas law pV = nRT was used to replace p with nRT/V. Now V t = nRTIpi 
and Vf = nRTIpf, so V/Vi = pjpf Also replace nRT with piVi to obtain 

W = p t V t ln 

Pf 

Since the initial gauge pressure is 1.03 x IO 5 Pa, 

Pi= 1.03 x IO 5 Pa + 1.013 x 10 5 Pa = 2.04 x IO 5 Pa. 


The final pressure is atmospheric pressure: p/= 1.013 x IO 5 Pa. Thus 


W = (2.04 x IO 5 Pa)(0.14m 3 ) ln 


2.04 x IO 5 Pa ^ 
1.013 x IO 5 Pa 


= 2.00xl0 4 J. 


During the constant pressure portion of the process the work done by the gas is W = 
pj(Vi - Vf). The gas starts in a state with pressure p/, so this is the pressure throughout this 
portion of the process. We also note that the volume decreases from V/to Vi. Now V/ = 
PiV/pf, so 


W = 


P f 


V 


Pi ) 

= -1.44xl0 4 J. 


= [Pf-PijVi = (1.013xl0 3 Pa - 2.04x10' Pa](0.14m 


The total work done by the gas over the entire process is 

W= 2.00 x IO 4 J - 1.44 x IO 4 J = 5.60 x IO 3 J. 


14. (a) At the surface, the air volume is 

V í =Ah = n{\ .00 m) 2 (4.00 m) = 12.57 m 3 » 12.6 m 3 . 

(b) The temperature and pressure of the air inside the submarine at the surface are 
T x = 20°C = 293 K and p l = p Q =1.00 atm . On the other hand, at depth h = 80 m, we 

have 71 = -30°C = 243 K and 


p 2 = p 0 +pgh = 1.00 atm+(1024 kg/m 3 )(9.80 m/s 2 )(80.0 m) 
= 1.00 atm + 7.95 atm = 8.95 atm. 


1.00 atm 
l.OlxlO 5 Pa 


Therefore, using ideal-gas law, pV = NkT , the air volume at this depth would be 


P 2 V 2 T 2 


f \ 


v 2 = 


Pl) 


1.00 atm 
8.95 atm 


243 K 


v 293K y 


(12.57 m 3 ) = l. 16 m 3 


(c) The decrease in volume is AV = V l - V 2 = 1 1.44 m 3 . Using Eq. 19-5, the amount of air 
this volume corresponds to is 


n - 


pA V (8.95 atm)(l.01xl0 5 Pa/atm)(ll.44m 3 ) 


RT 


(8.31 J/mol-K) (243 K) 


= 5.10xl0 3 mol 


Thus, in order for the submarine to maintain the original air volume in the chamber, 
5.10xl0 3 mol of air must be released. 


15. (a) At point a, we know enough information to compute n 

pV (2500Pa)(l.0m 3 ) 


n - 


RT (8.31 J/mol K) (200 K) 


= 1.5mol. 


(b) We can use the answer to part (a) with the new values of pressure and volume, and 
solve the ideal gas law for the new temperature, or we could set up the gas law as in 
Sample Problem 19-1 in terms of ratios (note: n a = nt, and cancels out): 


P a V a T a 


^3.0m 3 ^ 


l.Om 3 


which yields an absolute temperature at b of T b = 1 .8x 10 K. 

(c) As in the previous part, we choose to approach this using the gas law in ratio form 
(see Sample Problem 19-1): 


P a V a 


T c = (200 K) 


2.5 kPa 
2.5 kPa 


3.0m 
l.Om 3 


3 A 


which yields an absolute temperature at c of T c = 6.0x 10 K. 

(d) The net energy added to the gas (as heat) is equal to the net work that is done as it 
progresses through the cycle (represented as a right triangle in the /?Fdiagram shown in 
Fig. 19-21). This, in turn, is related to ± "area" inside that triangle (with 
area = |(base)(height)), where we choose the plus sign because the volume change at 
the largest pressure is an increase. Thus, 

ô„e« = W m = \ (2-0m 3 ) (5.0 x IO 3 Pa) = 5.0 x IO 3 J. 


16. We assume that the pressure of the air in the bubble is essentially the same as the 
pressure in the surrounding water. If d is the depth of the lake and p is the density of 
water, then the pressure at the bottom of the lake is p\ = po + pgd, where po is 
atmospheric pressure. Since piV\ = nRT\, the number of moles of gas in the bubble is 

n =p x V\IRT\ = (p 0 + pgd)VylRT u 

where V\ is the volume of the bubble at the bottom of the lake and T\ is the temperature 
there. At the surface of the lake the pressure is p 0 and the volume of the bubble is V 2 = 
nRT 2 /po. We substitute for n to obtain 


v = T i Po + PSd y 

2 T I 


293 K 


Po 


1.013xl0 5 Pa + (0.998 x IO 3 kg/m 3 ) (9.8 m/s 2 ) (40 m) 


v 277K 
= l.OxlO 2 cm 


1.013 x IO 5 Pa 


v 

2 3 


(20 cm 3 ) 


17. When the valve is closed the number of moles of the gas in container A is ha = 
PaVaIRTa and that in container B is n B = 4p B V A /RT B . The total number of moles in both 
containers is then 


n - n A + n B = — - 


R 


Pa , 4 Pi 

K T A T B J 


- const. 


After the valve is opened the pressure in container A is p a = Rn aTaIVa and that in 
container B is p b = Rh'bTb/4Va. Equating p A and p 'b, we obtain Rn' ' aTaIVa = Rh'bTb/4Va, 
or n B = (4T A /T B )ríA- Thus, 


n =n A +n B = n A 


4T A 
T 

1 B J 


= n A +n B = 


R 


Pa , 4 Pb 

\ T A T B J 


We solve the above equation for ri a. 

n , _ V [Pa/Ta +4 Pb /T b ) 
Ua R {\+4TJT b ) 


Substituting this expression for ri a into p'V A = ri A RT A , we obtain the final pressure: 

> _ n A RT A _ p A + 4p B T A I 


\ + 4T A /T B 


= 2.0x10= Pa. 


18. Appendix F gives M= 4.00 x 10 kg/mol (Table 19-1 gives this to fewer significant 
figures). Using Eq. 19-22, we obtain 


v = 

rms 


3RT 3 (8.31 J/mol-K) (1000K) 


V M 


4.00xl0~ 3 kg/mol 


= 2.50xl0 3 m/s. 


19. According to kinetic theory, the rms speed is 


Í3RT 

where T is the temperature and M is the molar mass. See Eq. 19-34. According to Table 
19-1, the molar mass of molecular hydrogen is 2.02 g/mol = 2.02 x 10 kg/mol, so 


20. The molar mass of árgon is 39.95 g/mol. Eq. 19-22 gives 


Í3RT _ Í3(8.31J/mol-K)(313K) 
Í~M~ ~ V 39.95 x IO" 3 kg/mol 


= 442 m/s. 


21. Table 19-1 gives M = 28.0 g/mol for nitrogen. This value can be used in Eq. 19-22 
with T in Kelvins to obtain the results. A variation on this approach is to set up ratios, 
using the fact that Table 19-1 also gives the rms speed for nitrogen gas at 300 K (the 
value is 5 17 m/s). Here we illustrate the latter approach, using v for Vn^: 


v 2 _^3RT 2 /M 


(a) With T 2 = (20.0 + 273.15) K - 293 K, we obtain 


v 2 =(517m/s) F^ = 511m/s. 
v 'V300K 


(b) In this case, we set v i =\v 2 and solve v 3 / v 2 = ^JT 3 1 T 2 for T3: 


T - T 


( V 


= (293K) 


= 73.0K 


which we write as 73.0 - 273 = - 200°C. 


(c) Now we have v 4 = 2v 2 and obtain 


T =T 


f \ 


V V 2V 


= (293K)(4) = 1.17xl0 3 K 


which is equivalent to 899°C. 


22. First we rewrite Eq. 19-22 using Eq. 19-4 and Eq. 19-7: 


v = 

rms 


3RT 


Í3(kN A )T _ \m 


(mN A ) V M 


The mass of the electron is given in the problem, and k 
textbook. With T 
pressure value given in the problem is not used in the solution 


1.38 x IO" 23 J/K is given in the 


2.00 x IO 6 K, the above expression gives Vnns = 9.53 x IO 6 m/s. The 


23. In the reflection process, only the normal component of the momentum changes, so 
for one molecule the change in momentum is 2mv cosO, where m is the mass of the 
molecule, v is its speed, and #is the angle between its velocity and the normal to the wall. 
If N molecules collide with the wall, then the change in their total momentum is 2Nmv 
cos 0, and if the total time taken for the collisions is At, then the average rate of change of 
the total momentum is 2(N/Af)mv cosd. This is the average force exerted by the N 
molecules on the wall, and the pressure is the average force per unit area: 



v 


— y Í1.0 x 10 2 V)Í3.3 x 1(T 27 kg)(l.O x IO 3 m/s)cos55° 

2.0xl0" 4 m 2 v A A ; 


=1.9xlO j Pa. 


We note that the value given for the mass was converted to kg and the value given for the 
area was converted to m . 


24. We can express the ideal gas law in terms of density using n = M sam /M: 

Tf M ^ RT PM 
pV = — — =í> p = - — . 

M RT 
We can also use this to write the rms speed formula in terms of density: 


v = 

rms 


3RT _ 3(pM/p) __ 3_p_ 
M ~ V M ~ V p 


(a) We convert to SI units: p = 1.24 x 10 2 kg/m 3 and p = 1.01 x IO 3 Pa. The rms speed is 
^3(1010)/0.0124 = 494 m/s. 

(b) We find M from p = pMIRT with T = 273 K. 

m P RT (0-0124 kg/m 3 ) (8.31J/mol-K)(273K) 

M = = ; = 0.0279 kg/mol = 27.9 g/mol. 

p 1.01 x 10 3 Pa 

(c) From Table 19.1, we identify the gas to be N 2 . 


25. (a) Eq. 19-24 gives K ms =- (l.38 x IO 23 J/K)(273K) = 5.65 x 10 21 J . 


(b) For T = 373 K, the average translational kinetic energy is K avg = 7.72 x 10 J . 

23 

(c) The unit mole may be thought of as a (large) collection: 6.02 x 10 molecules of 
ideal gas, in this case. Each molecule has energy specified in part (a), so the large 
collection has a total kinetic energy equal to 

^ mo ie =N A K nt = (6.02xl0 23 )(5.65xl0- 21 J) = 3.40xl0 3 J. 

(d) Similarly, the result from part (b) leads to 

^ moie = (6.02xl0 23 )(7.72xl0 21 J)=4.65xl0 3 J. 


26. The average translational kinetic energy is given by K ãvg =\kT , where k is the 
Boltzmann constant (1 .38 x 10 J/K) and T is the temperature on the Kelvin scale. Thus 

K = - (1.38 x IO" 23 J/K) (1 600 K) = 3.31 x 10 20 J . 


27. (a) We use £ = L V IN, where L v is the heat of vaporization and N is the number of 
molecules per gram. The molar mass of atomic hydrogen is 1 g/mol and the molar mass 
of atomic oxygen is 16 g/mol so the molar mass of H2O is (1.0 + 1.0 + 16) = 18 g/mol. 
There are Na = 6.02 x IO 23 molecules in a mole so the number of molecules in a gram of 
water is (6.02 x IO 23 mol _1 )/(18 g/mol) = 3.34 x IO 22 molecules/g. Thus 

8 = (539 cal/g)/(3.34 x 10 22 /g) = 1.61 x IO" 20 cal = 6.76 x 10" 20 J. 

(b) The average translational kinetic energy is 

K avg = |jfcT = |(1.38 x IO" 23 J/K) [(32.0 + 273.1 5) K] = 6.32 x 10 21 J. 

The ratio e/K avg is (6.76 x IO" 20 J)/(6.32 x IO" 21 J) = 10.7. 


28. We solve Eq. 19-25 for d: 
í~ I 

d = 


Xn4l(NIV) \ (0.80 x IO 5 cm) W2(2.7 x IO 19 /cm 3 ) 
which yields í/=3.2x 10~ 8 cm, or 0.32 nm. 


29. (a) According to Eq. 19-25, the mean free path for molecules in a gas is given by 

where d is the diameter of a molecule and N is the number of molecules in volume V. 
Substitute d = 2.0 x 10" 10 m and NIV= 1 x IO 6 molecules/m 3 to obtain 


X = ~r r 0 — 2 6 r = 6 x IO 12 m. 

V27t(2.0 x IO" 10 m) 2 (1 x 10 m" 3 ) 


(b) At this altitude most of the gas particles are in orbit around Earth and do not suffer 
randomizing collisions. The mean free path has little physical significance. 


30. Using v = fX with v = 331 m/s (see Table 17-1) with Eq. 19-2 and Eq. 19-25 leads to 


/ = 


J ^ 

4lnd 2 {NIV) 


= (331 m/s) ti V2 (3.0xl(T 10 m) 2 


8.0xl0 7 


m 


.3 \ 


s-moly 


V) 


8.0xl0 7 


m 


.3 \ 


smoly 


V ) 
1.01 x IO 5 Pa 


(8.31 J/mol K) (273. 15 K) 


= 3.5xl0 9 Hz. 


where we have used the ideal gas law and substituted n/V = pIRT. If we instead use v = 
343 m/s (the "default value" for speed of sound in air, used repeatedly in Ch. 17), then 
the answer is 3.7 x IO 9 Hz. 


31. (a) We use the ideal gas law pV = nRT = NkT, where p is the pressure, V is the 
volume, T is the temperature, n is the number of moles, and N is the number of molecules. 
The substitutions N = nN A and k = R/Na were made. Since 1 cm of mercury = 1333 Pa, 
the pressure isp = (10" 7 )(1333 Pa) = 1.333 x IO" 4 Pa. Thus, 

— = -?- = 1 -333x10 Pa = 3 27xl0 i6 molecules/m 3 =3 .27xl0 10 molecules/cm 3 . 

V kT (1.38x10 J/K) (295 K) 

(b) The molecular diameter is d = 2.00 x 10~ 10 m, so, according to Eq. 19-25, the mean 
free path is 

~ j2nd 2 N/V ~ V27T(2.00xl0" 10 m) 2 (3.27xl0 16 m- 3 ) ~ m ' 


32. (a) We set up a ratio using Eq. 19-25: 


l Ai = l/{nj2d 2 Al (N/V)) = f d N : 

"Ar 7 


Therefore, we obtain 


"Ar 


''Ar 


/ 27.5X10' 6 cm 
9.9x10 6 cm 


= 1.7. 


(b) Using Eq. 19-2 and the ideal gas law, we substitute N/V = N A n/V = Nap/RT into Eq. 
19-25 andfind 


nj2d 2 pN A 


Comparing (for the same species of molecule) at two different pressures and 
temperatures, this leads to 


(T \ 
T 


í \ 


With X\ = 9.9 x 10 6 cm, T\ = 293 K (the same as T 2 in this part), p\ = 750 torr and p 2 = 
150 torr, we find Â 2 = 5.0 x IO" 5 cm. 


(c) The ratio set up in part (b), using the same values for quantities with subscript 1, leads 
to X 2 = 7.9 x IO" 6 cm for T 2 = 233 K and p 2 = 750 torr. 


33. (a) The average speed is 


1 N 1 

v avg = — £v, . =— [4(200 m/s) + 2(500 m/s) + 4(600 m/s)] = 420 m/s. 
N j—i 1 0 


(b) The rms speed is 


^gv, 2 = ^i-[4(200 m/s) 2 +2(500 m/s) 2 +4(600 m/s) 2 ] = 458 m/s 


(C) YeS, Vrms > V avg . 


34. (a) The average speed is 


_ Zfi,v, _ [2(1.0) + 4(2.0) + 6(3.0) + 8(4.0) + 2(5.0)] cm/s _ 2 
avg Zn,. 2 + 4 + 6 + 8 + 2 


(b) From = ^X^-v, 2 /Z«, we get 


= 2(l^+4(2.0) 2 +6(3.0) 2 +8(4.0) 2 +2(5.0) 2 cm/s = 3Ws 
ms V 2 + 4 + 6 + 8 + 2 


(c) There are eight particles at v = 4.0 cm/s, more than the number of particles at any 
other single speed. So 4.0 cm/s is the most probable speed. 


y V 

35. (a) The average speed is v = , where the sum is over the speeds of the particles 

N 

and TV is the number of particles. Thus 

_ (2.0+3.0+4.0+5.0 + 6.0+7.0+8.0+9.0+10.0+1 1.0)km/s _ 5km/g 

10 - . s. 


E^ 2 

(b) The rms speed is given by v ms = u ^ ■ Now 

=[(2.0) 2 +(3.0) 2 +(4.0) 2 + (5.0) 2 +(6.0) 2 

+ (7.0) 2 + (8.0) 2 + (9.0) 2 + (10.0) 2 + (1 1 .0) 2 ] km 2 / s 2 = 505 km 2 / s 2 


so 


505 km 2 /s 2 „ 1f . 
v rm S = i = 7.1 km/s. 


36. (a) From the graph we see that v p = 400 m/s. Using the fact that M = 28 g/mol = 
0.028 kg/mol for nitrogen (N 2 ) gas, Eq. 19-35 can then be used to determine the absolute 

temperature. We obtain T = \Mv p 2 IR = 2Jx\0 2 K. 

(b) Comparing with Eq. 19-34, we conclude = yJJ/2 v p = 4.9x IO 2 m/s. 


37. The rms speed of molecules in a gas is given by v rms = ^3RT/M , where T is the 
temperature and M is the molar mass of the gas. See Eq. 19-34. The speed required for 
escape from Earths gravitational pull is v = ^2gr e , where g is the acceleration due to 

gravity at Earths surface and r e (= 6.37 x IO 6 m) is the radius of Earth. To derive this 
expression, take the zero of gravitational potential energy to be at infinity. Then, the 
gravitational potential energy of a particle with mass m at Earths surface is 

U — -GMm/r 2 e — -mgr e , 

where g = GM/r 2 was used. If v is the speed of the particle, then its total energy is 
E = -mgr e +\mv 2 . If the particle is just able to travei far away, its kinetic energy must 
tend toward zero as its distance from Earth becomes large without bound. This means E = 
0 and v = ^2gr e . We equate the expressions for the speeds to obtain ^RT/M = ^2gr e . 
The solution for Tis T= 2gr e M I3R. 

(a) The molar mass of hydrogen is 2.02 x 10" kg/mol, so for that gas 

2Í9.8m/s 2 V6.37xl0 6 mV2.02xl0- 3 kg/mol) 

T = -± — - ^ = 1.0xl0 4 K. 

3(8.3 U/mol-K) 

(b) The molar mass of oxygen is 32.0 x 10 kg/mol, so for that gas 

2(9.8m/s 2 )(6.37xl0 6 m)Í32.0xl0" 3 kg/mol) 

T = -± ; ^ ^ = 1.6xl0 5 K. 

3(8.31J/molK) 

(c) Now, T= 2g m r m M I 3R, where r m = 1.74 x IO 6 m is the radius of the Moon and g m = 
0.1 6g is the acceleration due to gravity at the Moon's surface. For hydrogen, the 
temperature is 


2(0.16)(9.8m/s 2 )(l.74xl0 6 m)(2.02xl0" 3 kg/mol) 
3(8.31J/mol-K) 


T = — ^ : — '-± '-\ ^ = 4.4xl0 2 K. 


(d) For oxygen, the temperature is 

2(0.16) (9.8m/s 2 )(l.74xl0 6 m)(32.0xl0- 3 kg/mol) 

7 = — ^ —!\ '-\ ^ = 7.0xl0 3 K. 

3(8.31J/molK) 

(e) The temperature high in Earths atmosphere is great enough for a significant number 
of hydrogen atoms in the tail of the Maxwellian distribution to escape. As a result the 
atmosphere is depleted of hydrogen. 

(f) On the other hand, very few oxygen atoms escape. So there should be much oxygen 
high in Earth's upper atmosphere. 


38. We divide Eq. 19-31 by Eq. 19-22: 

v avg2 _ JSRT/nM, 


v msl y ]3RT/M 1 
which, for v avg2 = 2v rmsl , leads to 


m l _ M l _ 3n 

m 2 M 2 8 


avg2 


V V imsl J 


39. (a) The root-mean-square speed is given by v ms = yj3RT/M . See Eq. 19-34. The 
molar mass of hydrogen is 2.02 x 10 kg/mol, so 


3 8.31J/mol K 4000K , , 

v m = P ^ ^ = 7.0xl0 3 m/s. 

\ 2.02X10 3 kg/mol 7 

(b) When the surfaces of the spheres that represent an H 2 molecule and an Ar atom are 
touching, the distance between their centers is the sum of their radii: 

d = n + r 2 = 0.5 x IO" 8 cm + 1.5 x 10" 8 cm = 2.0 x 10" 8 cm. 

(c) The árgon atoms are essentially at rest so in time t the hydrogen atom collides with ali 
the árgon atoms in a cylinder of radius d and length vt, where v is its speed. That is, the 
number of collisions is nd 2 vtN/V, where, N/V is the concentration of árgon atoms. The 
number of collisions per unit time is 

nd vN = 7t (2.0x1 0 10 m) 2 (7.0 x 10 3 m/s) (4.0 x IO 25 nT 3 ) = 3.5xl0 10 collisions/s. 


40. We divide Eq. 19-35 by Eq. 19-22: 


v p ^IRTJM 
v ms " J3RTJM 


which, for v p = v , leads to 


í Y 


l V rms ) 


41. (a) The distribution function gives the fraction of particles with speeds between v and 
v + dv, so its integral over ali speeds is unity: \ P(y) dv = 1 . Evaluate the integral by 
calculating the area under the curve in Fig. 19-24. The area of the triangular portion is 
half the product of the base and altitude, or \av Q . The area of the rectangular portion is 

the product of the sides, or avo. Thus, 


jP(y)dv = ^av 0 +i 


-av, 


0 ' 


so f av 0 = 1 and av 0 = 2/3=0.67. 

(b) The average speed is given by v avg = jvP(v)dv. For the triangular portion of the 
distribution P(v) = av/v 0 , and the contribution of this portion is 


a fo 2 7 a 3 av l 2 
v n * 3v n 3 9 


where 2/3v 0 was substituted for a. P(y) = a in the rectangular portion, and the 
contribution of this portion is 

a I 0 Ví/v = 2^ 0 ~ v °' T v ° =v ° - 

Therefore, 

v avg =|v 0+ v 0 =1.22v 0 ^5- = 1.22. 
9 v 0 

(c) The mean-square speed is given by v r 2 ms = Jv 2 P(v)í/v. The contribution of the 
triangular section is 


a r° 3 r a 4 1 2 
" I v dv = — v o =7 v o- 


v 0 * 4v 0 


The contribution of the rectangular portion is 

Í2v 0 2 , a / 3 3 \ 7a 3 14 
v í /v = -(8v 0 -v 0 ) = -v 0 =-v ( 


Thus, 


1 , 14 , v 
v = _ v 2 + _ v 2 =i.3i v -J™=1.31 

ms V6 ° 9 0 0 v 0 


(d) The number of particles with speeds between 1 .5v 0 and 2v 0 is given by N I P{v)dv . 

JL.5v 0 

The integral is easy to evaluate since P(v) = a throughout the range of integration. Thus 
the number of particles with speeds in the given range is 

Na(2.0v 0 - 1.5v 0 ) = 0.5Nav 0 = N/3, 

where 2/3v 0 was substituted for a. In other words, the fraction of particles in this range is 
1/3 or 0.33. 


42. The internai energy is 


E M =|n/?r = |(1.0mol)(8.31 J/molK)(273K) = 3.4xl0 3 J. 


43. (a) The work is zero in this process since volume is kept fixed. 

3 

(b) Since Cy=jR f° r an ideal monatomic gas, then Eq. 19-39 gives Q = +374 J. 

(c) AE m t=Q-W=+374J. 

(d) Two moles are equivalent toN = 12x 10 particles. Dividing the result of part (c) by 
TV gives the average translational kinetic energy change per atom: 3.11x10 J. 


44. (a) Since the process is a constant-pressure expansion, 

W = pÁV = nRAT = (2.02 mol) (8.31 J/mol- K)(l5K) = 249 J. 

(b) Now, C p = in this case, so Q = nC p AT= +623 J by Eq. 19-46. 

(c) The change in the internai energy is AEi Dt = Q-W= +374 J. 

(d) The change in the average kinetic energy per atom is 

A^ av2 = AE int /N =+3.11x1 0" 22 J. 


45. When the temperature changes by AT the internai energy of the first gas changes by 
rt\C\ AT, the internai energy of the second gas changes by n 2 C 2 AT, and the internai 
energy of the third gas changes by «3C3 AT The change in the internai energy of the 
composite gas is 

AE int = (m Ci + n 2 C 2 + «3 C 3 ) A7. 

This must be («1 + n 2 + « 3 ) C v AT, where C v is the molar specific heat of the mixture. 
Thus, 

_ n l C l + n 2 C 2 + n 3 C 3 

With «i=2.40 mol, C F i=12.0 J/mol-K for gas 1, «2=1.50 mol, C^=12.8 J/mol-K for gas 2, 
and «3=3.20 mol, Cf3=20.0 J/mol-K for gas 3, we obtain CV=15.8 J/mol-K for the mixture. 


46. Two formulas (other than the first law of thermodynamics) will be of use to us. It is 
straightforward to show, from Eq. 19-11, that for any process that is depicted as a 
straight line on the pV diagram — the work is 


W. 


r Pi + P f ^ 


straight 


AV 


which includes, as special cases, W = pAV íor constant-pressure processes and W= 0 for 
constant-volume processes. Further, Eq. 19-44 with Eq. 19-51 gives 


pV 


where we have used the ideal gas law in the last step. We emphasize that, in order to 
obtain work and energy in Joules, pressure should be in Pascais (N / m ) and volume 
should be in cubic meters. The degrees of freedom for a diatomic gas is /= 5. 


n 


RT = 



y2j 


y2) 


(a) The internai energy change is 


^„ tc -^ in t fl =-(^-^) = -((2.0xl0 3 Pa)(4.0m 3 )-(5.0xl0 3 Pa)(2.0m 3 )) 


5 , „ _ , . , 5 
= -5.0xl0 3 J. 

(b) The work done during the process represented by the diagonal path is 

{K-K) = (3.5xl0 3 Pa)(2.0m 3 ) 


2 ; 


which yields W& ag = 7.0x 10 J. Consequently, the first law of thermodynamics gives 

ôdiag =A£ mt +r dmg =(-5.0xl0 3 +7.0xl0 3 ) J = 2.0xl0 3 J. 

(c) The fact that A£i nt only depends on the initial and final states, and not on the details of 
the "path" between them, means we can write AZs int = E intc -E inta =-5.0x1 0 3 J for the 

indirect path, too. In this case, the work done consists of that done during the constant 
pressure part (the horizontal line in the graph) plus that done during the constant volume 
part (the vertical line): 

^ ndire ct=(5.0xl0 3 Pa)(2.0m 3 ) + 0 = 1.0xl0 4 J. 

Now, the first law of thermodynamics leads to 

ôindirect =A^ int +^ ndirect = (-5.0xl0 3 + 1.0xl0 4 ) J = 5.0xl0 3 J. 


47. Árgon is a monatomic gas, so /= 3 in Eq. 19-51, which provides 


C v =-R = -(8.31 J/molK) 
v 2 2 V ; 


1 cal 


cal 


= 2.98 


V 


4.186 J 


J 


mol-C° 


where we have converted Joules to calories, and taken advantage of the fact that a Celsius 
degree is equivalent to a unit change on the Kelvin scale. Since (for a given substance) M 
is effectively a conversion factor between grams and moles, we see that cv (see units 
specified in the problem statement) is related to Cv by C v =c v M where M = mN A , and 

m is the mass of a single atom (see Eq. 19-4). 
(a) From the above discussion, we obtain 


(b) The molar mass is found to be M = Cvlcy= 2.98/0.075 = 39.7 g/mol which should be 
rounded to 40 g/mol since the given value of cv is specified to only two significant 
figures. 


M _C v lc v _ 2.98/0.075 
N A ~ N A ~ 6.02x1 0 23 


= 6.6x10 - 2i g. 


48. (a) According to the first law of thermodynamics Q = AE mt + W. When the pressure is 
a constant W = p AV. So 


AE M = Q-pAV=20.9 J-(l.01xl0 5 Pa)(l00 cm 3 -50 cm 3 ) 


^lxl(T 6 m 3 ^ 
1 cm 3 


= 15.9 J. 


(b) The molar specific heat at constant pressure is 


C = 


Q Q _R Q (8.31 J/mol K)(20.9J) 


nAT n(pAVInR) p AV (l.OlxlO 5 Pa)(50xl(T 6 m 3 ) 


34.4J/molK. 


(c) Using Eq. 19-49, C v = C p -R = 26.1 J/mol-K. 


49. (a) From Table 19-3, C v =fi? and C p =\R. Thus, Eq. 19-46 yields 


p 

(b) Eq. 19-45 leads to 


e=«C„Ar=(3.00)f-(8.31) I (40.0)=3.49xl0 3 J. 

v2 


AE int = nC v AT = (3.00)\ |(8.3l) |(40.0) = 2.49xl0 3 J. 


(c) From either W=Q- AE- mt or W = pAT = nRAT, we find W= 997 J. 

(d) Eq. 19-24 is written in more convenient form (for this problem) in Eq. 19-38. Thus, 
the increase in kinetic energy is 


A^ trans =A(A^ avg ) = / /; 


R \AT -1.49X10 3 J. 

v2 ) 


Since AE int = AK trws + AK mt , the increase in rotational kinetic energy is 

ÁÃ^ rot = AE mt -AK trins = 2.49x1 0 3 J-1.49xl0 3 J = 1.00xl0 3 J. 

Note that had there been no rotation, ali the energy would have gone into the translational 
kinetic energy. 


50. Referring to Table 19-3, Eq. 19-45 and Eq. 19-46, we have 

AE M =nC v AT = ^nRAT 

Q = nCAT = —nRÁT. 
* p 2 


Dividing the equations, we obtain 


A^t _ 5 


Q 7 

Thus, the given value Q = 70 J leads to AE int = 50 J. 


51. The fact that they rotate but do not oscillate means that the value oíf given in Table 
19-3 is relevant. Thus, Eq. 19-46 leads to 


Q = nC p AT = n^-R\(T f -T i ) = nRT i 


7 

\2j 


T ^ 


where T = 273 K and n = 1.0 mol. The ratio of absolute temperatures is found from the 
gas law in ratio form (see Sample Problem 19-1). With pf = p t we have 

T f V f 

J — J _ o 


T K 


Therefore, the energy added as heat is 


Q = (1.0mol)(8.31 J/mol-K)(273K)f - ](2-l) - 8.0xl0 3 J. 


52. (a) Using M= 32.0 g/mol from Table 19-1 and Eq. 19-3, we obtain 


n = 


sam 


12.0 g 


M 32.0 g/mol 


= 0.375 mol. 


(b) This is a constant pressure process with a diatomic gas, so we use Eq. 19-46 and 
Table 19-3. We note that a change of Kelvin temperature is numerically the same as a 
change of Celsius degrees. 


Q = nC p AT = n 


\ 


-R 

\2 j 


Ar = (0.375 mol) - (8.31 J/mol- K)(100K) = 1.09xl0 3 J. 


(c) We could compute a value of AEm from Eq. 19-45 and divide by the result from part 
(b), or perform this manipulation algebraically to show the generality of this answer (that 
is, many factors will be seen to cancel). We illustrate the latter approach: 

ÁE- t nUR) AT 5 

— =t = -A^ = - « 0.714. 

Q n(lR) AT 1 


53. (a) Since the process is at constant pressure, energy transferred as heat to the gas is 
given by Q = nC p AT, where n is the number of moles in the gas, C p is the molar specific 
heat at constant pressure, and AT is the increase in temperature. For a diatomic ideal gas 
C p =\R. Thus, 

Q = n -nRAT = |(4.00mol) (8.31 J/mol ■ K) (60.0 K) = 6.98 xlO 3 J. 

(b) The change in the internai energy is given by A£i nt = nCvAT, where Cy is the specific 
heat at constant volume. For a diatomic ideal gas C v = f i? , so 

AE int = ^nRAT = | (4.00 mol) (8.3 1 J/mol.K) (60.0 K) = 4.99 x 1 0 3 J. 

(c) According to the first law of thermodynamics, A£i nt = Q - W, so 

W = Q-AE int =6.98xl0 3 J-4.99xl0 3 J= 1.99xl0 3 J. 

(d) The change in the total translational kinetic energy is 

AK = -nRAT = -(4.00mol)(8.31 J/mol ■ K)(60.0K) = 2.99xl0 3 J. 


54. (a) We use Eq. 19-54 with V f IV i = \ for the gas (assumed to obey the ideal gas law). 


pyi=p f vj 


El 
Pí 


(yV 


(2.00) 


1.3 


which yields p f = (2.46)(1.0 atm) = 2.46 atm 
(b) Similarly, Eq. 19-56 leads to 

( v. Y" 1 


T f = T. 


K V fJ 


= (273K)(1.23) = 336K. 


(c) We use the gas law in ratio form (see Sample Problem 19-1) and note that when p\ = 
P2 then the ratio of volumes is equal to the ratio of (absolute) temperatures. Consequently, 
with the subscript 1 referring to the situation (of small volume, high pressure, and high 
temperature) the system is in at the end of part (a), we obtain 


^ =I1= 273K =0813 

V x Zj 336 K 


The volume V\ is half the original volume of one liter, so 


V 2 =0.813(0.500L) = 0.406L. 


55. (a) Let p u Vi, and T represent the pressure, volume, and temperature of the initial 
state of the gas. Let pf, Vf, and Tf represent the pressure, volume, and temperature of the 

final state. Since the process is adiabatic p.Vf = P f V/ , so 


Pf = 


í v. v 


Pi = 


4.3 L 
0.76 Lj 


,1.4 


(l.2atm) = 13.6atm = 14 atm. 


We note that since Vi and Vf have the same units, their units cancel and pf has the same 
units as p^ 

(b) The gas obeys the ideal gas law pV = nRT, so piVJpfVf= Til 'Tf and 

~(13.6atm)(0.76L)~ 


f pVí 


(1.2 atm) (4.3 L) 


(310K) = 6.2xl0 2 K. 


56. The fact that they rotate but do not oscillate means that the value oíf given in Table 
19-3 is relevant. In §19-11, it is noted that y= C p ICv so that we find y= 7/5 in this case. 
In the state described in the problem, the volume is 

Tr nRT (2.0 mol) (8.31 J/mol-K )(300K) nnAn 3 

V = = — ; = 0.049 m 3 . 

p 1.01xl0 5 N/m 2 

Consequently, 

pV r = (l. 01 x IO 5 N/m 2 ) (0.049 m 3 ) 1 4 = 1.5xl0 3 N ■ m 22 . 


57. Since ÍSE mt does not depend on the type of process, 

( A^int ) path 2 = ( A^int ) path ! ■ 

Also, since (for an ideal gas) it only depends on the temperature variable (so ÍSE mX = 0 for 
isotherms), then 

(^int ) pat hl ~~ 2j (^^int ) a diabat " 

Finally, since Q = 0 for adiabatic processes, then (for path 1) 

(AEjJ .. ht . . =-^ = -40J 

V mi / adiabatic expansion 

(AE. t ) A . u . =-W = -(-25)J=25 J. 

V mi / adiabatic compression 

Therefore, ( AE int ) path 2 = - 40 J + 25 J = - 1 5 J . 


58. Let p l ,V i and T x represent the pressure, volume, and temperature of the air at 
y l = 4267 m. Similarly, let p, V and T be the pressure, volume, and temperature of the 
air at y = 1567 m. Since the process is adiabatic pyf = pV r . Combining with ideal-gas 
law, pV = NkT , we obtain 


pV r = p(T I p) r = p x r T r = constant 


p i-r T r = p i-r T r 


With p = p 0 e ay and /=4/3 (which gives (1 - y)l y= -1/4 ), the temperature at the end 
of the decent is 


i-r 


T = 


PJ 


\Po e ) 


hz 

y 


T i=e -^y-y^T i = e - 


(l.lbxlO- 4 /m)(l5bl m-4267 m)/4 


(268 K) 


= (1 .08)(268 K) = 290 K = 17°C 


59. The aim of this problem is to emphasize what it means for the internai energy to be a 
state function. Since path 1 and path 2 start and stop at the same places, then the internai 
energy change along path 1 is equal to that along path 2. Now, during isothermal 
processes (involving an ideal gas) the internai energy change is zero, so the only step in 
path 1 that we need to examine is step 2. Eq. 19-28 then immediately yields -20 J as the 
answer for the internai energy change. 


60. Let pi, Vi, and T t represent the pressure, volume, and temperature of the initial state of 
the gas, and let pf, Vf, and 7/be the pressure, volume, and temperature of the final state. 

Since the process is adiabatic p t V? = p f V/ . Combining with ideal-gas law, pV = NkT , 

we obtain 

M r = A(VAr = ^^ = constant => p^T/ = p^Tj 

With 7=4/3 which gives (1- y)l y = -1/4 , the temperature at the end of the adiabatic 
expansion is 


T 

■ 


r \ 
A 

yPfj 


i-r 

7 ^ f5.00amO 
' ' U-00 atm y 


-1/4 


(278 K) = 186K = -87°C 


61. (a) Eq. 19-54, Pi V t r = p f V/ , leads to 


P f =Pi 


V V fJ 


4.00atm = (1.00atm) 


'200L V 


74.3 L 


which can be solved to yield 

_ ln(p f / Pi ) _ ln(4.00atm/1.00atm) _ _ 7 
Y ~ MyjVf) ~ ln(200L/74.3L) ' ~5~' 

This implies that the gas is diatomic (see Table 19-3). 

(b) One can now use either Eq. 19-56 (as illustrated in part (a) of Sample Problem 19-9) 
or use the ideal gas law itself. Here we illustrate the latter approach: 


Ml 


nRTf 


Pi Vi nRTi 


446 K 


(c) Again using the ideal gas law: n = Pi Ví/RTí = 8.10 moles. The same result would, of 
course, follow from n = PfVf/RTf. 


62. Using Eq. 19-53 in Eq. 18-25 gives 


(V, v x : r -v x - r 


7 

Using Eq. 19-54 we can write this as 

w ^-( Pf ip,r 17 

w = p > v - t^y — 


In this problem, y= 7/5 (see Table 19-3) and PflPi = 2. Converting the initial pressure 
to Pascais we find Pi Vi = 24240 J. Plugging in, then, we obtain W = -1.33 x 10 4 J. 


63. In the following C v =\R is the molar specific heat at constant volume, C =\R is 

the molar specific heat at constant pressure, AT is the temperature change, and n is the 
number of moles. 

The process 1 — > 2 takes place at constant volume. 

(a) The heat added is 

Q = nC v Ar = |ni?Ar = |(l.00mol)(8.31J/mol K)(600K-300K) = 3.74xl0 3 J. 

(b) Since the process takes place at constant volume the work W done by the gas is zero, 
and the first law of thermodynamics tells us that the change in the internai energy is 

A£ mt =g = 3.74xl0 3 J. 

(c) The work fFdone by the gas is zero. 
The process 2 — > 3 is adiabatic. 

(d) The heat added is zero. 

(e) The change in the internai energy is 

AE mt = nC ¥ AT = | nR AT =|(l .OOmol) (8.3 1 J/mol ■ K) (455 K - 600 K) = -1 .8 1 x 1 0 3 J. 

(f) According to the first law of thermodynamics the work done by the gas is 

W = Q-AE int =+1.81xl0 3 J. 

The process 3 — > 1 takes place at constant pressure. 

(g) The heat added is 

Q = nC p AT = | nR AT = | (1 .00 mol) (8.31 J/mol ■ K) (300 K - 455 K) = -3 .22 x 1 0 3 J. 

(h) The change in the internai energy is 

A£ int = nC v AT = - nRAT = -(1.00 mol) (8.3 1 J/mol ■ K) (300 K - 455 K) = -1 .93 x 1 0 3 J. 


(i) According to the first law of thermodynamics the work done by the gas is 

W = Q-AE int =-3.22xl0 3 J +1.93xl0 3 J =-1.29xl0 3 J. 
(j) For the entire process the heat added is 

g = 3.74xl0 3 J +0-3.22xl0 3 J =520J. 
(k) The change in the internai energy is 

A£ mt =3.74xl0 3 J-1.81xl0 3 J-1.93xl0 3 J = 0. 
(1) The work done by the gas is 

W = 0 + 1.81xl0 3 J-1.29xl0 3 J =520 J. 
(m) We first find the initial volume. Use the ideal gas law p\V\ = nRT\ to obtain 

nRT, (1.00mol)(8.31J/mol K)(300K) n „ tn2 , 

V, = L = - -. - = 2.46x10 m 3 . 

1 Pl (1.013xl0 5 Pa) 

—2 3 

(n) Since 1 — > 2 is a constant volume process Vi= V\ = 2.46 x 10 m . The pressure for 
state 2 is 

_ nRT 2 _ (1.00mol)(8.31 J/mol K)(600K) Q2xlQ5ra 
V 2 2.46 xl 0~ 2 m 3 

This is approximately equal to 2.00 atm. 

(o) 3 — > 1 is a constant pressure process. The volume for state 3 is 

y _ nRT i _ (1.00mol)(8.31J/mol K)(455K) _ 3 73xl() _ 2m3 
3 p, 1.013xl0 5 Pa 

(p) The pressure for state 3 is the same as the pressure for state 1: pi = p\ = 1.013 x IO 5 
Pa (1.00 atm) 


64. Using the ideal gas law, one mole occupies a volume equal to 

nRT (1)(8.31)(50.0) , n , 

V ^^_ = \J\ a ; =4,16xl0 10 m 3 . 

p l.OOxlO 8 
Therefore, the number of molecules per unit volume is 

N nN A (l)(6.02xl0 23 ) molecules 

— = — - = 77-^ = 1.45x10 5 

V V 4.16x10'° m 3 

Using d = 20.0 x IO" 9 m, Eq. 19-25 yields 


65. We note that AK = n(f 7?)AT according to the discussion in §19-5 and §19-9. Also, 

Aisi n t = nCyAT can be used for each of these processes (since we are told this is an ideal 
gas). Finally, we note that Eq. 19-49 leads to C p = C v + R ~ 8.0 cal/mol-K after we 
convert Joules to calories in the ideal gas constant value (Eq. 19-6): R ~ 2.0 cal/mol-K. 
The first law of thermodynamics Q = AEi nt + fFapplies to each process. 

• Constant volume process with AT = 50 K and n = 3.0 mol. 

(a) Since the change in the internai energy is AZsi nt = (3.0)(6.00)(50) = 900 cal, and the 
work done by the gas is W = 0 for constant volume processes, the first law gives Q = 900 
+ 0 = 900 cal. 

(b) As shown in part (a), W= 0. 

(c) The change in the internai energy is, from part (a), AE int = (3.0)(6.00)(50) = 900 cal. 

(d) The change in the total translational kinetic energy is 

AK = (3.0) (| (2.0)) (50) = 450 cal. 

• Constant pressure process with AT= 50 K and n = 3.0 mol. 

(e) W = pAVíox constant pressure processes, so (using the ideal gas law) 

W = nRAT= (3.0)(2.0)(50) = 300 cal. 
The first law gives Q = (900 + 300) cal = 1200 cal. 

(f) From (e), we have W=300 cal. 

(g) The change in the internai energy is A£i nt = (3.0)(6.00)(50) = 900 cal. 

(h) The change in the translational kinetic energy is AK = (3.0) (f (2.0))(50) = 450cal. 

• Adiabiatic process with AT= 50 K and n = 3.0 mol. 
(0 Q = 0 by definition of "adiabatic." 

(j) The first law leads to W = Q - E mt = 0-900 cal = -900 cal. 

(k) The change in the internai energy is AE mt = (3.0)(6.00)(50) = 900 cal. 

(1) As in part (d) and (h), A^ = (3.0) (f (2.0)) (50) = 450 cal. 


66. The ratio is 


mgh _ 2gh _ 2Mgh 


mvlJl v 2 ms 3RT 


where we have used Eq. 19-22 in that last step. With T = 273 K, h = 0. 10 m and M = 32 
g/mol = 0.032 kg/mol, we find the ratio equals 9.2 x 10~ 6 . 


67. In this solution we will use non-standard notation: writing p for weight-dcnsity 
(instead of mass-density), where p c refers to the cool air and ph refers to the hot air. Then 
the condition required by the problem is 


^net = ^buoyant- hot-air-weight - balloon-weight 

2.67 x IO 3 N = pcV-frV -2.45 x 10 3 N 

where V= 2.18 x IO 3 m 3 and p c = 11.9 N/m 3 . This condition leads to pt= 9.55 N/m 3 . 
Using the ideal gas law to write ph as PMg/RT where P = 101000 Pascais and M= 0.028 
kg/m 3 (as suggested in the problem), we conclude that the temperature of the enclosed air 
should be 349 K. 


68. (a) In the free expansion from state 0 to state 1 we have Q = W = 0, so àE mt = 0, 
which means that the temperature of the ideal gas has to remain unchanged. Thus the 
final pressure is 

a£> = jVL = J_ ^ a = J_ = 0 333 

1 V l 3.00V 0 3.00 0 p 0 3.00 
(b) For the adiabatic process from state 1 to 2 we have piV\ r =p 2 V2 r , i.e., 

J-p 0 (3.00F 0 ) r = (3.00)3 pjrr 


3.00 


which gives y= 4/3. The gas is therefore polyatomic. 
(c) From T = pVInR we get 


69. (a) By Eq. 19-28, W= -31 '4 J (since the process is an adiabatic compression). 

(b) Q = 0 since the process is adiabatic. 

(c) By first law of thermodynamics, the change in internai energy is ÍSE mi = Q- W=+374 
.1. 

(d) The change in the average kinetic energy per atom is 

AK ãve = AE int /N =+3.11x1 0" 22 J. 


70. (a) With work being given by 


W = pAV= (250)(-0.60) J = -150 J, 

and the heat transfer given as -210 J, then the change in internai energy is found from the 
first law of thermodynamics to be [-210 - (-150)] J = -60 J. 

(b) Since the pressures (and also the number of moles) don't change in this process, then 
the volume is simply proportional to the (absolute) temperature. Thus, the final 
temperature is % of the initial temperature. The answer is 90 K. 


71. This is very similar to Sample Problem 19-4 (and we use similar notation here) 
except for the use of Eq. 19-31 for v avg (whereas in that Sample Problem, its value was 
just assumed). Thus, 

, speed = [ 16717? ] 
distance ^ £ ^ MT ) ' 


Therefore, with p = 2.02 x IO 3 Pa, d = 290 x IO" 12 m and M = 0.032 kg/mol (see Table 
19-1), we obtain /= 7.03 x ÍOV 1 . 


72. Eq. 19-25 gives the mean free path: 

1 nRT 


■^2dne 0 (N/V) \[2dne 0 PN 

where we have used the ideal gas law in that last step. Thus, the change in the mean free 
path is 

Al= nRAT = R£ 

\[2d 2 K£ 0 PN \[2d 2 K£ 0 PNC V 

where we have used Eq. 19-46. The constant pressure molar heat capacity is (7/2)7? in 
this situation, so (with N= 9 x IO 23 and d= 250 xl0" 12 m) we find 

AÃ= 1.52 x 10" 9 m = 1.52 nm. 


73. (a) The volume has increased by a factor of 3, so the pressure must decrease 
accordingly (since the temperature does not change in this process). Thus, the final 
pressure is one-third of the original 6.00 atm. The answer is 2.00 atm. 

(b) We note that Eq. 19-14 can be written as P ; ^ln(^/^). Converting "atm" to "Pa" (a 
Pascal is equivalent to a N/m 2 ) we obtain W= 333 J. 

(c) The gas is monatomic so y= 5/3. Eq. 19-54 then yields Pf = 0.961 atm. 

(d) Using Eq. 19-53 in Eq. 18-25 gives 


where in the last step Eq. 19-54 has been used. Converting "atm" to "Pa", we obtain 



^ = 236 J. 


74. (a) WithP x = (20.0)(1.01 x IO 5 Pa) and ^=0.0015 m 3 , the ideal gas law gives 
P x V x = nRT x => Ti = 121.54 K = 122 K. 

(b) From the information in the problem, we deduce that T 2 =3T l = 365 K. 

(c) We also deduce that T 3 = T x which means AT = 0 for this process. Since this involves 
an ideal gas, this implies the change in internai energy is zero here. 


75. (a) We use pyj = p f V/ to compute y. 

fa(Pi/Pf) ln(l.0atm/l.0xl0 5 atm) 5 
7 ~ Inj^/F,) ~ ln(l.0xl0 3 L/l.0xl0 6 L) ~3' 

Therefore the gas is monatomic. 

(b) Using the gas law in ratio form (see Sample Problem 19-1), the final temperature is 

p f V t (l.0xl0 5 atm)(l.0xl0 3 L) 

T f = r.^^ = (273KP -^ = 2.7xl0 4 K. 

f p t V t V ' (l.0atm)(l.0xl0 6 L) 

(c) The number of moles of gas present is 

D y íl.01xl0 5 Pa)(l.0xl0 3 cm 3 ) 

n = ^ = ^- ^— —L = 4.5X10 4 mol. 

RT t (8.31 J/mol-K)(273K) 

(d) The total translational energy per mole before the compression is 

K t =^RT t =|( 8 - 31 J/mol K)(273K) = 3.4xl0 3 J. 

(e) After the compression, 

K f =-RT f =-(8.31 J/molK)(2.7xl0 4 K) = 3.4xl0 5 J. 


(f) Since v^ s °c T , we have 


76. We label the various states of the ideal gas as follows: it starts expanding 
adiabatically from state 1 until it reaches state 2, with V2 = 4 m 3 ; then continues on to 
state 3 isothermally, with V3 = 10 m 3 ; and eventually getting compressed adiabatically to 
reach state 4, the final state. For the adiabatic process 1 — > 2 = p 2 V 2 r , for the 
isothermal process 2 — > 3 P2V2 = P3V3, and finally for the adiabatic process 
3 — > 4 p 3 V/ = p 4 V 4 r . These equations yield 


Pa = Pi 



r 



r 

(V 

r 

ir*) 

y 3 


= Pi 



= P\ 







W 

J 

Í7„ 


1^3 ) 



We substitute this expression for p4 into the equation p\V\ = P4V4 (since T\ = T4) to obtain 
V1V3 = V2V4. Solving for V\ we obtain 

W Í2.0m 3 )(l0m 3 ) 
V 2 4.0 m 3 


77. (a) The final pressure is 


p.V. 32 atm) l.OL n „ 

p f =^ = ± ^ ^ = 8.0atm, 

1 V f 4.0 L 


(b) For the isothermal process the final temperature of the gas is Tf = Ti = 300 K. 

(c) The work done is 



= p i V i \n 

<v_A 





W = nRT i ln 
= 4.4xl0 3 J. 
For the adiabatic process p.V? - p f Vj . Thus 

(d) The final pressure is 

P f =P, 


(32atm)(l.01xl0 5 Pa/atm)(l.0xl0" 3 m 3 )ln 


^4.0L^ 


v 1.0Lj 


= (32atm) 


'i.ol^ 


V 4.0L, 


= 3.2 atm. 


(e) The final temperature is 


_ p f V f T t _ (3.2atm)(4.0L)(300K) _ 
py i ~ (32 atm) (l.OL) 


120K 


(f) The work done is 


W = Q-AE int =-AE int =~nRAT = ~(p f V f -p i V i ) 


= --[(3.2atm)(4.0L)-(32atm)(1.0L)](l.01xl0 5 Pa/atm)(l0" 3 m 3 /L) 


= 2.9xl0 3 J. 

(g) If the gas is diatomic, then y= 1.4, and the final pressure is 

'l.OL 1 


í V 
V 


P f =Pi 
(h) The final temperature is 


K V fJ 


■■ (32 atm) 


4.0L j 


4. 6 atm. 


T, = 


_ pl£ _ (4.6atm)(4.0L)(300K) =i?ok 


py i (32 atm) (l.OL) 


(i) The work done is 

W = Q-AE mt = -^nRAT = - S -{ PfVf - P y) 

= -|[(4.6atm)(4.0L)-(32atm)(l.0L)](l.01xl0 5 Pa/atm)(l(T 3 m 3 /L) 
= 3.4xl0 3 J. 


78. We write T= 273 K and use Eq. 19-14: 

'16.8^ 


W= (1.00 mol) (8.31 J/mol-K) (273K) ln 


v22.4 y 


which yields W = -653 J. Recalling the sign conventions for work stated in Chapter 18, 
this means an externai agent does 653 J of work on the ideal gas during this process. 


79. (a) We use pV = nRT. The volume of the tank is 

nRT Ítt^i)(8.31 J/mol-K)(350K) 
p 1.35xl0 6 Pa 

(b) The number of moles of the remaining gas is 

D 'y Í8.7xl0 5 Pa)Í3.8xl0" 2 m 3 ) 

/i' = ^ = i- ^— -i = 13.5mol. 

RT' (8.31 J/molK) (293 K) 


The mass of the gas that leaked out is then Am = 300 g - (13.5 mol)(17 g/mol) = 71 g. 


80. We solve 


3RT 3i?(293K) 


-^helium y ^^hydrogen 


for T. With the molar masses found in Table 19-1, we obtain 

f 4.0 ^ 


T = (293K) 
which is equivalent to 307°C. 


v2.02y 


= 580K 


81. It is recommended to look over §19-7 before doing this problem. 
(a) We normalize the distribution function as follows: 


£ P(v)dv=l => c=\. 


(b) The average speed is 


3v 


r°vp(v)jv= pv * 

Jo Jo I v 


2 \ 


3 

o J 


dvJ-v o 


(c) The rms speed is the square root of 


fV P{v)dv=[°v 2 
Jo Jo 


3v 


2 N 


dv = -vl 


'o J 


Therefore, v ms = ^hjSv o « 0.775v o . 


82. To model the "uniform rates" described in the problem statement, we have expressed 
the volume and the temperature functions as follows: 


I / -\^-^\t and T=T, + ( I1 ^ Ií )t 


V 


where Vi = 0.616 m 3 , V f = 0.308 m 3 , r f = 7200 s, T t = 300 K and T f = 723 K. 

(a) We can take the derivative of V with respect to t and use that to evaluate the 
cumulative work done (from t = 0 until t = f): 

W= jpdV= j {^Y~)^ã) dt= 122 T+ 238113 ln(14400- f) - 2.28 x IO 6 

with SI units understood. With t= t f our result is W = -77169 J « -77.2 kJ, or |ff | « 
77.2 kJ. 

The graph of cumulative work is shown below. The graph for work done is purely 
negative because the gas is being compressed (work is being done on the gas). 


1000 2000 3000 4000 5000 6000 7000 


-61)01)0 



(b) With O (since it's a monatomic ideal gas) then the (infinitesimal) change in 

internai energy is nCvdT =\nR (~^~J dt which involves taking the derivative of the 

temperature expression listed above. Integrating this and adding this to the work done 
gives the cumulative heat absorbed (from t = 0 until t = l): 


Q 


3 fdT 

dt) + 2 nR Ui 


dt =30.5 x + 2381 13 ln(14400 - x) - 2.28 x 10 


with SI units understood. With x = % f our result is Q tota \ = 54649 J = 5.46x10 J. 



(c) Defining C = we obtain C = 5.17 J/mol-K. We note that this is considerably 
smaller than the constant-volume molar heat Cy. 

We are now asked to consider this to be a two-step process (time dependence is no longer 
an issue) where the first step is isothermal and the second step occurs at constant volume 
(the ending values of pressure, volume and temperature being the same as before). 

(d) Eq. 19-14 readily yields W= -43222 J - -4.32 xlO 4 J (or | W | « 4.32 xlO 4 J ), where 
it is important to keep in mind that no work is done in a process where the volume is held 
constant. 


(e) In step 1 the heat is equal to the work (since the internai energy does not change 
during an isothermal ideal gas process), and step 2 the heat is given by Eq. 19-39. The 
total heat is therefore 88595 - 8.86 *10 4 J. 


(f) Defining a molar heat capacity in the same manner as we did in part (c), we now 
arrive atC= 8.38 J/mol-K. 


83. (a) The temperature is 10.0°C -> T= 283 K. Then, with n = 3.50 mol and V/V Q = 3/4, 
we use Eq. 19-14: 


W = nRT ln 


= -2.37kJ. 


(b) The internai energy change AEjnt vanishes (for an ideal gas) when AT = 0 so that the 
First Law of Thermodynamics leads to Q = W = -2.37 kJ. The negative value implies 
that the heat transfer is from the sample to its environment. 


84. (a) Since nIV = pIRT, the number of molecules per unit volume is 


N_ 
V 


RT 


(6.02xl0 23 ) 


1.01xl0 5 Pa 
(8.31i)(293K) 


= 2.5x10 


25 


molecules 


m 


(b) Three-fourths of the 2.5 x IO 25 value found in part (a) are nitrogen molecules with M 
= 28.0 g/mol (using Table 19-1), and one-fourth of that value are oxygen molecules with 
M= 32.0 g/mol. Consequently, we generalize the M sam = NM/N A expression for these two 
species of molecules and write 


(2.5xl0 25 ) 


28.0 


1 


+ -(2.5xl0 25 ) 


6.02x10 


23 


32.0 


6.02x10 


23 


= 1.2xl0 3 g. 


85. For convenience, the "int" subscript for the internai energy will be omitted in this 
solution. Recalling Eq. 19-28, we note that ^ E = 0 , which gives 

cycle 


+AE B ^ C +AE C ^ D +AE D ^ E +AE E ^ A = 0. 

Since a gas is involved (assumed to be ideal), then the internai energy does not change 
when the temperature does not change, so 

AE A ^ B =AE D ^ E =0. 

Now, with AE e ^a = 8.0 J given in the problem statement, we have 

A£^ C + A£ C ^+8.0J = 0. 

In an adiabatic process, AE = -W, which leads to -5.0 J + hE c ^ D +8.0 J = 0, and we 
obtain AE c ^d = -3.0 J. 


86. (a) The work done in a constant-pressure process is W = pAV. Therefore, 

W = (25N/m 2 ) (1.8m 3 -3.0m 3 ) =-30J. 

The sign conventions discussed in the textbook for Q indicate that we should write -75 J 
for the energy which leaves the system in the form of heat. Therefore, the first law of 
thermodynamics leads to 

AE mt =Q-W = (-75 J) - (-30 J) = -45 J. 

(b) Since the pressure is constant (and the number of moles is presumed constant), the 
ideal gas law in ratio form (see Sample Problem 19-1) leads to 


T -T 


Y 2 


= (300 K) 


3 A 


1.8m 
v 3.0m j 


= 1.8xl0 2 K. 


It should be noted that this is consistent with the gas being monatomic (that is, if one 
assumes C V =\R and uses Eq. 19-45, one arrives at this same value for the final 

temperature). 


87. (a) The ^-Fdiagram is shown below. Note 
that o obtain the above graph, we have chosen 
n = 0.37 moles for concreteness, in which case 
the horizontal axis (which we note starts not at 
zero but at 1) is to be interpreted in units of 
cubic centimeters, and the vertical axis (the 
absolute pressure) is in kilopascals. However, 
the constant volume temp-increase process 
described in the third step (see problem 
statement) is difficult to see in this graph since 
it coincides with the pressure axis. 



(b) We note that the change in internai energy is zero for an ideal gas isothermal process, 
so (since the net change in the internai energy must be zero for the entire cycle) the 
increase in internai energy in step 3 must equal (in magnitude) its decease in step 1 . By 
Eq. 19-28, we see this number must be 125 J. 

(c) As implied by Eq. 19-29, this is equivalent to heat being added to the gas. 


88. (a) The ideal gas law leads to 


y - nRT - i 1 - 00 mO 0 ( 83 1 J/m01 ' K ) ( 273 K ) 

~~p~~ l.OlxlO 5 Pa 

which yields V = 0.0225 m J = 22.5 L. If we use the standard pressure value given in 
Appendix D, 1 atm = 1.013 x IO 5 Pa, then our answer rounds more properly to 22.4 L. 

(b) From Eq. 19-2, we have N = 6.02 x 10 molecules in the volume found in part (a) 
(which may be expressed as V= 2.24 x 10 4 cm 3 ), so that 

N 6.02xl0 23 . 19 , , . 3 


V 2.24X10 4 cm 3 


= 2.69xl0 lv molecules/cm J 


1. An isothermal process is one in which T t = 7/which implies ln(T/T,) = 0. Therefore, 
with Vf/Vj = 2.00, Eq. 20-4 leads to 


AS = nR ln 


= (2.50 mol)(8.31 J/mol-K)ln(2.00) = 14.4 J/K. 


2. From Eq. 20-2, we obtain 

Q = TAS = (405 K)(46.0 J/K) = 1.86xl0 4 J. 


3. We use the following relation derived in Sample Problem 20-2: 


AS = mc ln 


T 

V 1 i J 


(a) The energy absorbed as heat is given by Eq. 19-14. Using Table 19-3, we find 


Q = cmAT 


386- 


kg-K 


(2.00 kg)(75 K) = 5.79xl0 4 J 


where we have used the fact that a change in Kelvin temperature is equivalent to a change 
in Celsius degrees. 

(b) With T f = 373.15 K and Ti = 298.15 K, we obtain 


AS = (2.00 kg) 


386- 


kg-K 


ln 


373.15 
298.15 


= 173 J/K. 


4. (a) This may be considered a reversible process (as well as isothermal), so we use AS = 
Q/TwhcvQ Q = Lm withZ = 333 J/g from Table 19-4. Consequently, 

^■(333 1/8X12.0,) 
273 K 

(b) The situation is similar to that described in part (a), except with L = 2256 J/g, m = 
5.00 g, and T= 373 K. We therefore find AS = 30.2 J/K. 


5. (a) Since the gas is ideal, its pressure p is given in terais of the number of moles n, the 
volume V, and the temperature T by p = nRTIV. The work done by the gas during the 
isothermal expansion is 

W= ( 2 pdV=nRT f 2 — = n RT[n^ . 
k *5 v V x 

We substitute V 2 = 2.00 Fi to obtain 

W = nRTlnl.OO = (4.00 mol)(8.31 J/mol K)(400 K)ln2.00 = 9.22xl0 3 J. 

(b) Since the expansion is isothermal, the change in entropy is given by 

AS=j{\/T)dQ = Q/T, 

where Q is the heat absorbed. According to the first law of thermodynamics, AEi nt = Q - 
W. Now the internai energy of an ideal gas depends only on the temperature and not on 
the pressure and volume. Since the expansion is isothermal, AEint = 0 and Q = W. Thus, 

AS = ^= 922Xl ° 1J = 23.1J/K. 
T 400 K 

(c) AS* = 0 for ali reversible adiabatic processes. 


6. An isothermal process is one in which T { = 7/which implies ln (Tf/T,) = 0. Therefore, 
Eq. 20-4 leads to 


AS = nRln 


n = 


22.0 


(8.3l)ln(3.4/1.3) 


= 2.75 mol. 


7. (a) The energy that leaves the aluminum as heat has magnitude Q = m a Ca(T ai - Tf), 
where m a is the mass of the aluminum, c a is the specific heat of aluminum, T ai is the 
initial temperature of the aluminum, and Tf is the final temperature of the aluminum- 
water system. The energy that enters the water as heat has magnitude Q = m.wC w {Tf - T wi ), 
where m w is the mass of the water, c w is the specific heat of water, and T wi is the initial 
temperature of the water. The two energies are the same in magnitude since no energy is 
lost. Thus, 

i c \T —T, = m c [T , — T . => T , 


m„ 


a a ai w w wi 


m c +m c 

a a w w 


The specific heat of aluminum is 900 J/kg-K and the specific heat of water is 4190 J/kg-K. 
Thus, 


T = 


(0.200 kg)(900 J/kg-K)(100°C) + (0.0500 kg)(4190 J/kg-K)(20°C) 
(0.200 kg)(900 J/kg-K) + (0.0500 kg)(4190 J/kg-K) 
= 57.0°C = 330 K. 


(b) Now temperatures must be given in Kelvins: T ai = 393 K, T wi = 293 K, and Tf= 330 K. 
For the aluminum, dQ = m a c a dT and the change in entropy is 

A* fl = \f = m a c a %f = m a c a ln^- = (0.200 kg)(900 J/kg ■ K)l n r 330 K ' 


373 K 


= -22.1 J/K. 


(c) The entropy change for the water is 


AS W = j^- = m w c w l f ^ r = m w c w \n^- = (0.0500 kg)(4190 J/kg.K)ln 


rT f dT 

= +24.9 J/K 


^330K^ 


293 K 


(d) The change in the total entropy of the aluminum-water system is 

AS = AS a + AS W = -22. 1 J/K + 24.9 J/K = +2.8 J/K. 


8. We follow the method shown in Sample Problem 20-2. Since 

ÁS = mc |/ — = mc ln(T//Ti) , 

then with AS = 50 J/K, 7>= 380 K, T t = 280 K and m = 0.364 kg, we obtain c = 4.5x IO 2 
J/kgK. 


9. This problem is similar to Sample Problem 20-2. The only difference is that we need to 
find the mass m of each of the blocks. Since the two blocks are identical the final 
temperature Tf is the average of the initial temperatures: 

T f = \{ T l + T f) = | (305.5 K + 294.5 K) = 300.0 K. 


Thus from Q = mcATwe find the mass m: 

Q 215 J 


m - 


cAT (386 J/ kg- K)(300.0 K- 294.5 K) 


0.101 kg. 


(a) The change in entropy for block L is 


AS L = mc ln 


T 


(0.101 kg)(386 J/kg-K)ln 


300.0 K 
305.5 K 


-0.710 J/K. 


(b) Since the temperature of the reservoir is virtually the same as that of the block, which 
gives up the same amount of heat as the reservoir absorbs, the change in entropy AS' L of 

the reservoir connected to the left block is the opposite of that of the left block: AS' L = 

—ASl = +0.710 J/K. 

(c) The entropy change for block R is 


ÍT \ 


Á S R = mc ln 


T 

\ 1 iR J 


= (0.101 kg) (386 J/kg - K)ln 


300.0 K 
294.5 K 


= +0.723 J/K. 


(d) Similar to the case in part (b) above, the change in entropy AS*^ of the reservoir 
connected to the right block is given by AS*^ = -ASr = -0.723 J/K. 

(e) The change in entropy for the two-block system is 

AS L + AS R = -0.710 J/K + 0.723 J/K = +0.013 J/K. 

(f) The entropy change for the entire system is given by 

AS = AS L + AS' L + AS R + AS' R = AS L -AS L + AS R -AS R = 0, 


which is expected of a reversible process. 


10. We concentrate on the first terai of Eq. 20-4 (the second term is zero because the final 
and initial temperatures are the same, and because ln(l) = 0). Thus, the entropy change is 

AS= nR\n(V f /Vt) . 

Noting that AS = 0 at V f = 0.40 m 3 , we are able to deduce that Vi = 0.40 m 3 . We now 
examine the point in the graph where ÁS = 32 J/K and F/ = 1.2m; the above expression 
can now be used to solve for the number of moles. We obtain n = 3.5 mol. 


11. (a) We refer to the copper block as block 1 and the lead block as block 2. The 
equilibrium temperature Tf satisfies 

miCi(T f - T U i) + m 2 c 2 (T f - T i2 ) = 0, 

which we solve for Tf. 

m x c x T i X +m 2 c 2 T ia _ (50.0 g)(386 J/kg-K) (400 K) + (100 g)(l28 J/kg-K) (200 K) 


T = 


m,c x +m 2 c 2 


(50.0 g)(386 J/kg -K) + (100 g)(128 J/kg-K) 


= 320 K. 


(b) Since the two-block system in thermally insulated from the environment, the change 
in internai energy of the system is zero. 

(c) The change in entropy is 


ÁS= ÁS i +ÁS 2 =m i c l \n 


T 


+ m 2 c 2 ln 


í T \ 
Zl 
T 


= (50.0 g) (386 J/kg-K) ln 
= +1.72 J/K. 


^320 K^ /„ T „ T ^ \ , f 320 K 

+ (100 g)(128 J/kg K)ln 


400 K 


200 K 


We use Eq. 20-1: 


AS = p^L = nA^T 2 dT = — [(10.0) 3 -(5.00) 3 ] = 0.0368 J/K. 


13. The connection between molar heat capacity and the degrees of freedom of a 
diatomic gas is given by setting/= 5 in Eq. 19-51. Thus, C r =57?/ 2, C =7R/2 , and 

7 = 7/5 . In addition to various equations from Chapter 19, we also make use of Eq. 20-4 

of this chapter. We note that we are asked to use the ideal gas constant as R and not plug 
in its numerical value. We also recall that isothermal means constant-temperature, so T2 = 
Ti for the 1 — > 2 process. The statement (at the end of the problem) regarding "per mole" 
may be taken to mean that n may be set identically equal to 1 wherever it appears. 

(a) The gas law in ratio form (see Sample Problem 19-1) is used to obtain 


Pi =Px 


= El ^ ^ = 1 = 0.333 
3 p l 3 


(b) The adiabatic relations Eq. 19-54 and Eq. 19-56 lead to 


(c) Similarly, we find 


Ps =Pi 


T =T 


Tl.4 


Pi 3 14 " 


0.215. 


T T 1 

4t => — = 4t = 0.644. 

3 0.4 j, 30.4 


• process 1 — > 2 

(d) The work is given by Eq. 19-14: 

W = nRT\ ln (V 2 IV{) = RT X ln3 =1.107?^. 
Thus, WlnRT x = ln3 = 1.10. 

(e) The internai energy change is &E m = 0 since this is an ideal gas process without a 
temperature change (see Eq. 19-45). Thus, the energy absorbed as heat is given by the 
first law of thermodynamics: Q = AE int + W~ 1.10RT U or Ql nRTi= ln3 = 1.10. 

(f) AE mt = 0 or A£ int / nRTi=0 


(g) The entropy change is AS = Q/Ti = 1.10/?, or AS/R =1.10. 
• process 2 — > 3 


(h) The work is zero since there is no volume change. Therefore, WlnRTi = 0 


(i) The internai energy change is 


AE int =nC r (T 3 -T 2 ) = (l) 


\2 j 


í t ^ 

Ji r 

3 o.4 h 


- -0.889. 


This ratio (-0.889) is also the value for QlnRT\ (by either the first law of 
thermodynamics or by the definition of C». 

(j) A^int lnRT x = -0.889. 

(k) For the entropy change, we obtain 


ÀS 
R 


- n ln 


+ n- 


R 


ln 


(1) ln(l) + (l) 


ln 


^ /3 0.4^ 


[ 1 J 


0 + -ln(3-° 4 ) = -1.10 
2 


• process 3 — > 1 


(1) By definition, Q = 0 in an adiabatic process, which also implies an absence of entropy 
change (taking this to be a reversible process). The internai change must be the negative 
of the value obtained for it in the previous process (since ali the internai energy changes 
must add up to zero, for an entire cycle, and its change is zero for process 1 — > 2), so 
A£int = +0.889-K7 7 !. By the first law of thermodynamics, then, 

W=Q-AE int = -0.SS9RT u 

or WlnRT y = -0.889. 

(m) Q = 0 in an adiabatic process. 

(n) A£ int /ni?7i= +0.889. 

(o) AS/nR=0. 


14. (a) It is possible to motivate, starting from Eq. 20-3, the notion that heat may be 
found from the integral (or "area under the curve") of a curve in a TS diagram, such as 
this one. Either from calculus, or from geometry (area of a trapezoid), it is 
straightforward to find the result for a "straight-line" path in the TS diagram: 


a 


straight 


t.+tA 


AS 


which could, in fact, be directly motivated from Eq. 20-3 (but it is important to bear in 
mind that this is rigorously true only for a process which forms a straight line in a graph 
that plots T versus S). This leads to 

g = (300K)(15 J/K) = 4.5xl0 3 J 

for the energy absorbed as heat by the gas. 

(b) Using Table 19-3 and Eq. 19-45, we find 


vi J 


A7 = (2.0 mol)(8.31 J/mol-K)(200 K-400 K) = -5.0xl0 3 J. 


(c) By the first law of thermodynamics, 


W=Q- ÁE int = 4.5 kJ - (-5.0 kJ) = 9.5 kJ. 


15. The ice warms to 0°C, then melts, and the resulting water warms to the temperature 
of the lake water, which is 15°C. As the ice warms, the energy it receives as heat when 
the temperature changes by dT is dQ = mcjdT, where m is the mass of the ice and Cj is the 
specific heat of ice. If T t (= 263 K) is the initial temperature and 7}(= 273 K) is the final 
temperature, then the change in its entropy is 


rd O rT f dT T, 

AS = = mc, y — = mcj ln^f = (0.010 kg) (2220 J/kg ■ K) ln 


ffdT 
T 


273 K 
263 K 


= 0.828 J/K. 


Melting is an isothermal process. The energy leaving the ice as heat is mL F , where L F is 
the heat of fusion for ice. Thus, 

AS = Q/T = mLpIT = (0.010 kg)(333 x IO 3 J/kg)/(273 K) = 12.20 J/K. 

For the warming of the water from the melted ice, the change in entropy is 


AS = mc M , ln— , 


where c w is the specific heat of water (4190 J/kg ■ K). Thus, 


AS = (0.010 kg) (4190 J/kg- K) ln 


288 K 
273 K 


= 2.24 J/K. 


The total change in entropy for the ice and the water it becomes is 

AS = 0.828 J/K + 12.20 J/K + 2.24 J/K = 15.27 J/K. 

Since the temperature of the lake does not change significantly when the ice melts, the 
change in its entropy is AS* = Q/T, where Q is the energy it receives as heat (the negative 
of the energy it supplies the ice) and Tis its temperature. When the ice warms to 0°C, 

Q = -m Cl (T f -T t ) = -(0.010 kg) (2220 J/kg- K)(10 K) = -222 J. 

When the ice melts, 

Q = -mL F = -(0.010 kg)(333x 10 3 J/kg) = -3.33xl0 3 J. 
When the water from the ice warms, 

g = -mc lv (7}-7;) = -(0.010kg)(4190 J/kg- K)(15 K) = -629 J. 


The total energy leaving the lake water is 

Q = -222 J- 3.33 x IO 3 J - 6.29 x IO 2 J = -4.18 x IO 3 J. 
The change in entropy is 

As ; |S "" K51J/K. 
288 K 

The change in the entropy of the ice-lake system is AS* = (15.27 - 14.51) J/K = 0.76 J/K. 


16. (a) Work is done only for the ab portion of the process. This portion is at constant 
pressure, so the work done by the gas is 


W=Ç°p 0 dV = p 0 (4.00V 0 -l.00V 0 ) = 3.00p 0 V 0 => -^ = 3.00 

(b) We use the first law: AEi nt = Q - W. Since the process is at constant volume, the work 
done by the gas is zero and E int = Q. The energy Q absorbed by the gas as heat is Q = nC v 
AT, where Cy is the molar specific heat at constant volume and AT is the change in 
temperature. Since the gas is a monatomic ideal gas, C v = 3R 1 2 . Use the ideal gas law to 
find that the initial temperature is 

T = P b V b = Wo 
* nR nR 

and that the final temperature is 

T ^_ p c V c _ (2p 0 )(4V 0 ) _ 8p 0 V 0 _ 
nR nR nR 

Thus, 


2 


V flí ni? j 


The change in the internai energy is AE- mX = 6poVo or AÉ , i nt //7oI / o = 6.00. Since n = 1 mol, 
this can also be written g = 6.00i?7o. 

(c) For a complete cycle, A£i nt = 0 

(d) Since the process is at constant volume, use dQ = nCydT to obtain 

rdQ_ _ ftrfr 


A5= í^ = nC K í — = «C F ln 


Substituting C F = jR and using the ideal gas law, we write 

T c _ Pc K _ (2p 0 )(4V 0 ) _ 2 
T b P b K Po(4V 0 ) 

Thus, AS = ±nRln2. Since n = 1, this is AS = f i?ln2 = 8.64 J/K. 


(e) For a complete cycle, À£i nt = 0 and Á5* = 0. 


17. (a) The final mass of ice is (1773 g + 227 g)/2 = 1000 g. This means 773 g of water 
froze. Energy in the form of heat left the system in the amount mLp, where m is the mass 
of the water that froze and L F is the heat of fusion of water. The process is isothermal, so 
the change in entropy is 

AS = Q/T = —mLplT= -(0.773 kg)(333 x IO 3 J/kg)/(273 K) = -943 J/K. 

(b) Now, 773 g of ice is melted. The change in entropy is 

AS= Q = mL JL = +943 ]/K 
T T 

(c) Yes, they are consistent with the second law of thermodynamics. Over the entire cycle, 
the change in entropy of the water-ice system is zero even though part of the cycle is 
irreversible. However, the system is not closed. To consider a closed system, we must 
include whatever exchanges energy with the ice and water. Suppose it is a constant- 
temperature heat reservoir during the freezing portion of the cycle and a Bunsen burner 
during the melting portion. During freezing the entropy of the reservoir increases by 943 
J/K. As far as the reservoir-water-ice system is concerned, the process is adiabatic and 
reversible, so its total entropy does not change. The melting process is irreversible, so the 
total entropy of the burner-water-ice system increases. The entropy of the burner either 
increases or else decreases by less than 943 J/K. 


18. In coming to equilibrium, the heat lost by the 100 cm of liquid water (of mass m w = 
100 g and specific heat capacity c w = 4190 J/kg-K) is absorbed by the ice (of mass m ; 
which melts and reaches 7}> 0 °C). We begin by finding the equilibrium temperature: 


warm water cools 


ice warms 


to 0 


Qice melts Q>\ 


melted ice warms 


, = 0 


c w m w (T f - 20°) + c,m,. (0° - (-10°)) + L.m, + cjn, (7) - 0°)= 0 

which yields, after using L F = 333000 J/kg and values cited in the problem, T/= 12.24 ° 
which is equivalent to 7}= 285.39 K. Sample Problem 19-2 shows that 


A ^empchange =«cln 


T 


for processes where AT= T 2 - Tj, and Eq. 20-2 gives 

A S„ 


L F m 


melt 


for the phase change experienced by the ice (with T 0 = 273.15 K). The total entropy 
change is (with T in Kelvins) 


AS , = m c ln 


285.39 
293.15 


+ m,c ; ln 


273.15 
263.15 


+ m,c ln 


285.39 
273.15 


+ 


273.15 


= (-1 1 .24 + 0.66 + 1 .47 + 9.75) J/K = 0.64 J/K. 


19. We consider a three-step reversible process as follows: the supercooled water drop (of 
mass m) starts at state 1 {T\ = 268 K), moves on to state 2 (still in liquid form but at T 2 = 
273 K), freezes to state 3 (I3 = T 2 ), and then cools down to state 4 (in solid form, with T 4 
= Ti). The change in entropy for each of the stages is given as follows: 

ASn = mc w ln (T 2 /T\), 
AS23 = -mL F /T 2 , 

AS34 = mci ln (T4/T3) = mci ln {T\IT 2 ) = —mci ln {T 2 IT\). 


Thus the net entropy change for the water drop is 


AS = AS n + AS 2J + AS J4 = m (c w - c, ) ln 


T 


mLr 


■ (1.00 g)(4.19 J/g -K -2.22 J/g K)ln 
-1.18 J/K. 


f 273 
v 268 K y 


(1.00 g)(333 J/g) 


273 K 


20. (a) We denote the mass of the ice (which turns to water and warms to Tf) as m and the 
mass of original-water (which cools from 80° down to Tf) as m . From 1LQ = 0 we have 

L F m + cm (T f - 0 o ) + cm (7> - 80°) = 0 . 

Since L F = 333 x IO 3 J/kg, c = 4190 J/(kg-C°), m = 0.13 kg and m = 0.012 kg, we find T f 
= 66.5°C, which is equivalent to 339.67 K. 


(b) Using Eq. 20-2, the process of ice at 0 o C turning to water at 0 o C involves an entropy 
change of 

Q_ Lpm 


T 273.15 K 


= 14.6 J/K 


(c) Using Eq. 20-1, the process of m = 0.012 kg of water warming from 0 o C to 66.5° C 
involves an entropy change of 


r 

J2 


339.67 cmdT 


73.15 f 


= cm ln 


339.67 
273.15 


■1 1.0 J/K, 


(d) Similarly, the cooling of the original-water involves an entropy change of 


•339.67 cm'dT 


153.15 


= cm'\n 


339.67 
353.15 


= -2 1.2 J/K 


(e) The net entropy change in this calorimetry experiment is found by summing the 
previous results; we find (by using more precise values than those shown above) ASnet = 
4.39 J/K. 


21. We note that the connection between molar heat capacity and the degrees of freedom 
of a monatomic gas is given by setting/= 3 in Eq. 19-51. Thus, C v =3R/2, C p =5R/2, 

and 7 = 5/3. 

(a) Since this is an ideal gas, Eq. 19-45 holds, which implies AEi nt = 0 for this process. Eq. 
19-14 also applies, so that by the first law of thermodynamics, 


Q = 0 + W = nRT\ ln V 2 /Vi = p x V\\i\2^ Q/p x V x = ln2 = 0.693. 

(b) The gas law in ratio form (see Sample Problem 19-1) implies that the pressure 
decreased by a factor of 2 during the isothermal expansion process to V2=2.QQV\, so that 
it needs to increase by a factor of 4 in this step in order to reach a final pressure of 
/?2=2.00pi. That same ratio form now applied to this constant-volume process, yielding 
4.00 = T 2 Ti which is used in the following: 


Í3 } 3 
Q - nC v ÁT = n -R (T 2 -T 1 ) = -nRT l 


J 


fA^(4-l) = |M 


or Q/pft =9/2 = 4.50. 

(c) The work done during the isothermal expansion process may be obtained by using Eq. 
19-14: 

W = nRT\ ln V 2 IV X = p x V x ln 2.00 -» Wlp\V x = ln2 = 0.693. 

(d) In step 2 where the volume is kept constant, W= 0. 

(e) The change in internai energy can be calculated by combining the above results and 
applying the first law of thermodynamics: 


A^mt ôtotal "total 


Pl V l \n2 + ^p l V l )-{p 1 V l \n2 + 0) = ^p l V, 


OTÁEiJpiVi= 9/2 = 4.50. 

(f) The change in entropy may be computed by using Eq. 20-4: 
AS = Rln 


'2.00V^ 

+ C F ln 

f 4.007; ^ 

= i?ln2.00 + 



{ j 


v J 




R ln(2.00) 2 


R ln 2.00 + 3R ln 2.00 = 4R ln 2 .00 = 23 .0 J/K. 


The second approach consists of an isothermal (constant T) process in which the volume 
halves, followed by an isobaric (constant p) process. 


(g) Here the gas law applied to the first (isothermal) step leads to a volume half as big as 
the original. Since ln(l/2.00) = -ln 2.00 , the reasoning used above leads to 

Q = -piVi ln 2.00 => Ql py =-ln 2.00 = -0.693. 

(h) To obtain a final volume twice as big as the original, in this step we need to increase 
the volume by a factor of 4.00. Now, the gas law applied to this isobaric portion leads to 
a temperature ratio T 2 IT\ = 4.00. Thus, 


Q=C p AT = -R(T 2 -T l )=-RT i 


^-1 

J 


= |M(4-l) = yA^ 


oxQlp x V x = 15/2 = 7.50. 

(i) During the isothermal compression process, Eq. 19-14 gives 

W = nRTilnVJV^piViln (-1/2.00) = -piFiln 2.00 Wlp x V x = -ln2 = -0.693. 

(j) The initial value of the volume, for this part of the process, is V i = V x 1 2 , and the final 

volume is Vf = 2V\. The pressure maintained during this process is p = 2.00p\. The work 
is given by Eq. 19-16: 


W = p'AV = p'(V f -V i ) = (2.O0p l ) 


2.00V.--V, 
1 2 1 


3.00^ => Wlp x V x =3.00. 


(k) Using the first law of thermodynamics, the change in internai energy is 


A^int ôtotal ^total 


X ^-py x - P y x ln2.00|-(3 A F 1 -py ln2.00) = \ P y x 
\ 1 ) l 


or ÊsEiJpi V\ = 9/2 = 4.50. The result is the same as that obtained in part (e). 
(1) Similarly, AS = 4i?ln2.00 = 23.0 J/K. the same as that obtained inpart (f). 


22. (a) The final pressure is 


p f = (5.00 kPa)e 1 ^ Vf » a = (5.00 kPa)e 


1.00 m J -2.00 m J /1.00 m 3 


= 1.84 kPa 


(b) We use the ratio form of the gas law (see Sample Problem 19-1) to find the final 
temperature of the gas: 


T - T 


Pf V f ^ 

p,r, 


(1.84kPa)(2.00m^ 441K 
V '(5.00 kPa)(1.00 m 3 ) 


For later purposes, we note that this result can be written "exactly" as Tf = T (2e~ ). In 
our solution, we are avoiding using the "one mole" datum since it is not clear how precise 
it is. 

(c) The work done by the gas is 

W=[ f pdV= [' (5.00 kPa)e ( ^ K)/ VF = (5.00 kPa)^ /a {-ae^Jj 

= (5 .00 kPa) e 1 00 (l .00 m 3 ) [e im - e i m ) 
= 3.16 kJ . 

(d) Consideration of a two-stage process, as suggested in the hint, brings us simply to Eq. 
20-4. Consequently, with C v = \R (see Eq. 19-43), we find 


AS=nRln 


(v A 
* f 

+ n 


ln 

( T \ 

f 

= nR 



v2 j 



V 


ln2 + -ln(2e _1 ) 


p,r, 


( 3 3 ^ 

In2 + -ln2 + -ln<? 1 
l 2 2 ) 


(5000 Pa) (1.00 m 3 )f 5 [n2 _3 


600 K 
= 1.94 J/K. 


23. We solve (b) first. 

(b) For a Carnot engine, the efficiency is related to the reservoir temperatures by Eq. 20- 
13. Therefore, 

T h = ZWL = Z^ = 341k 
e 0.22 

which is equivalent to 68°C. 

(a) The temperature of the cold reservoir is TL = Th - 75 = 341 K - 75 K = 266 K. 


24. Eq. 20-13 leads to 


T 373 K 

£ = 1-^ = 1 — = 0.9999995 


T H 7xl0 5 K 


quoting more figures than are significant. As a percentage, this is £ = 99.99995%. 


25. (a) The efficiency is 


£= 7 k -7 L= (235-115>K =0236 = 23 6% 
T H (235+273) K 

We note that a temperature difference has the same value on the Kelvin and Celsius 
scales. Since the temperatures in the equation must be in Kelvins, the temperature in the 
denominator is converted to the Kelvin scale. 

(b) Since the efficiency is given by £= \W\l\Qn\, the work done is given by 
|r| = £|0 H | = O.236(6.3OxlO 4 J) = 1.49xlO 4 J . 


26. The answers to this exercise do not depend on the engine being of the Carnot design. 
Any heat engine that intakes energy as heat (from, say, consuming fuel) equal to \Qn\ = 
52 kJ and exhausts (or discards) energy as heat equal to \Ql\ = 36 kJ will have these 
values of efficiency e and net work W. 


(a) Eq. 20-12 gives 


£ = l- 


Qi, 
Qh 


= 0.31 = 31% 


(b) Eq. 20-8 gives 


27. With T L = 290 k, we find 


1 T L _ 7 L 290 K 

£• = í - — => r H = — — = 

T H H \-e 1-0.40 

which yields the (initial) temperature of the high-temperature reservoir: Tu = 483 K. If 
we replace e = 0.40 in the above calculation with e = 0.50, we obtain a (final) high 
temperature equal to - 580 K . The difference is 


TÍ—T„ = 580 K — 483 K = 97 K. 


28. (a)Eq. 20-13 leads to 


£ = l_ZL = l_m^ = 0.107. 
T H 373 K 

We recall that a Watt is Joule-per-second. Thus, the (net) work done by the cycle per unit 
time is the given value 500 J/s. Therefore, by Eq. 20-1 1, we obtain the heat input per unit 
time: 

W 0.500 kJ/s .„ 1T/ 
e = -. — r => '— = 4.67 kJ/s . 

|ôh| °- 107 

(b) Considering Eq. 20-8 on a per unit time basis, we find (4.67 - 0.500) kJ/s = 4.17 kJ/s 
for the rate of heat exhaust. 


29. (a) Energy is added as heat during the portion of the process from a to b. This portion 
occurs at constant volume (Vb), so Q m = nCv AT. The gas is a monatomic ideal gas, so 
C v = 3R 1 2 and the ideal gas law gives 

ÁT= (l/nR)(p b V h -p a V a ) = (l/nR)(p b -p a ) V b . 

Thus, Q in — \ ( p h - p a )V h . Vb and pb are given. We need to find p a . Now p a is the same as 
p c and points c and b are connected by an adiabatic process. Thus, p c Vj = p h V h r and 


Pa=Pc = 


í v Y / i v /3 


8.00 J 


(l.013xl0 6 Pa) = 3.167xl0 4 Pa. 


The energy added as heat is 

Q m =|(l.013xl0 6 Pa-3.167xl0 4 Pa)(l.00xl0~ 3 m 3 ) = 1.47xl0 3 J. 

(b) Energy leaves the gas as heat during the portion of the process from c to a. This is a 
constant pressure process, so 

Q =nC AT = -(pV -pV) = -p (V - V ) 

ií-out p 2 a 2. 

= |(3.167xl0 4 Pa)(-7.00)(l.00xl0" 3 m 3 ) = -5.54xl0 2 J, 

or | Q 0 J= 5.54xl0 2 J . The substitutions V a -V c = V a - 8.00 V a = - 7.00 V a and C p = f R 
were made. 

(c) For a complete cycle, the change in the internai energy is zero and 


W = Q = 1.47 x IO 3 J - 5.54 x IO 2 J = 9.18 x IO 2 J. 


(d) The efficiency is 


£= W/Qin = (9.18 x IO 2 J)/(1.47 x 10 J) = 0.624 = 62.4%. 


30. From Fig. 20-28, we see Q H = 4000 J at T H = 325 K. Combining Eq. 20-1 1 with Eq. 
20-13, we have 

W T c 
-TT=\-t => W=923J. 


Now, for T' H = 550 K, we have 


31. (a) The net work done is the rectangular "area" enclosed in the ^Fdiagram: 

W = {V-V 0 )(p-p 0 ) = (2V 0 -V 0 ){2p 0 -p 0 ) = V oPo . 
Inserting the values stated in the problem, we obtain W=221 kJ. 

(b) We compute the energy added as heat during the "heat-intake" portions of the cycle 
using Eq. 19-39, Eq. 19-43, and Eq. 19-46: 

Q abc = nC r {T b -T a ) + nC p {T c -T b )=n 











T h 


n 


T 


-1 

+ n 


T 



v2 j 

a 

T 

J 


v2 j 

a 

T 

v » 

T a 

) 


= nRT a 
13 


Í3 



+ 5 



\ 




-1 




= Po V o 

V 

l 2 

T 

J 

2 

T 


J 


5 

-! 

2 


p 0 K 


where, to obtain the last line, the gas law in ratio form has been used (see Sample 
Problem 19-1). Therefore, since W = p 0 V 0 , we have Q ahc = 13 W/2 = 14.8 kJ. 

(c) The efficiency is given by Eq. 20-1 1: 

W 2 

e = ^— = — = Ç).\5A = 15.4%. 
|Ôh| 13 

(d) A Carnot engine operating between T c and T a has efficiency equal to 

£ = 1-^ = 1-1 = 0.750 = 75.0% 
T 4 


where the gas law in ratio form has been used. 

(e) This is greater than our result in part (c), as expected from the second law of 
thermodynamics. 


32. (a) Using Eq. 19-54 for process D — > A gives 


PoV D r = P Á V A 


which leads to S r = 32 =í> y = 5 1 3 . The result (see § 19-9 and § 19-1 1) implies the gas is 
monatomic. 

(b) The input heat is that absorbed during process A — > B: 


Q H = nC AT = n 


vi J 


\ T A J 


nRT, 


v^y 


(2-i) = M, 


and the exhaust heat is that liberated during process C — > £>: 


g L = «C A7 = « 


vi y 


1-^ 
T 

v 


v^y 


(1-2) = "^o 


A ç A 


v^y 


where in the last step we have used the fact that T D =\T A (from the gas law in ratio 
form — see Sample Problem 19-1). Therefore, Eq. 20-12 leads to 


£ = 1- 


Ql 


Qh 


= 1-- = 0.75 = 75%. 
4 


\W\ 8 2kT 

33. (a) We use £ = \W/Q H \ . The heat absorbed is |0 H | = LJ = -^- = 33kJ. 

(b) The heat exhausted is then \Q L \ = \Q H \ - \w\ = 33 kJ - 8.2kJ = 25 kJ. 

i | \W\ 8.2kJ 

(c) Now we have \Q H = 1 — - = = 26 kJ. 

e 0.31 

(d) Similarly, \Q C I = \Q H I - \W I = 26 kJ - 8.2 kJ = 1 8 kJ . 


34. Ali terais are assumed to be positive. The total work done by the two-stage system is 
W\ + W2. The heat-intake (from, say, consuming fuel) of the system is Q\ so we have (by 
Eq. 20-11 and Eq. 20-8) 

c _ W l + W 2 _ {Q l -Q 2 ) + {Q 2 -Q 3 ) ^ g 

a a a 

Now, Eq. 20-10 leads to 

T x T 2 T 3 

where we assume Q2 is absorbed by the second stage at temperature T 2 . This implies the 
efficiency can be written 

e = 1 — - = — -. 

T T 


35. (a) The pressure at 2 is p 2 = 3.00pi, as given in the problem statement. The volume is 
y 2 = y x = n RT\lp\. The temperature is 


T Pl^ J.OO Pl V l = ^ 7 L = 3 0() 

nR nR T x 

(b) The process 2 — > 3 is adiabatic, so T^F^ -1 = T 3 V 3 r ~ l . Using the result from part (a), V3 
4.00 Vi, V 2 = Vi and 7=1.30, we obtain 


7] r 2 /3.oo 


= 3.00 


! y V 
_JL 

V*3 J 


= 3.00 


v 4.00 y 


= 1.98 


(c) The process 4 -> 1 is adiabatic, so T 4 V 4 M = T^f 1 . Since V 4 = 4.00 F h we have 


v 4.00 y 


= 0.660. 


(d) The process 2 — > 3 is adiabatic, so p 2 V 2 r = p 3 V 3 r or p 3 = (V 2 /V 3 ) r p 2 . Substituting V3 
= 4.00 V h V 2 = Vupi = 3.00pi and 7=1.30, we obtain 

A=^_ = 0 .495. 
Pl (4.00) 130 

(e) The process 4 — > 1 is adiabatic, so p 4 V/ = p x V\ and 


A 


v 

\ V 4 J 


(4.00) 


1.30 


0.165, 


where we have used V4 = 4.00 V\. 

(f) The efficiency of the cycle is e= WIQn, where Wis the total work done by the gas 
during the cycle and Qn is the energy added as heat during the 1 — > 2 portion of the cycle, 
the only portion in which energy is added as heat. The work done during the portion of 
the cycle from 2 to 3 is W 2 i = \p dV. Substitute p = p 2 V 2 r /V r to obtain 


Substitute V 2 = V u V 3 = 4.00V h and p 3 = 3.00pi to obtain 


W = 

"23 


3nRT x 


1 


v 


4 r-i y 


Similarly, the work done during the portion of the cycle from 4 to 1 is 


= 

rr 41 


í 


í 


V 


ir-i 


J 


nRT x 


,y-\ 


No work is done during the 1 — > 2 and 3 — > 4 portions, so the total work done by the gas 
during the cycle is 


w = w 2i +w 4l 


2nRT l 


1- 


1 


i ? — i 


The energy added as heat is 

Q X2 = nC v (T 2 - T x ) = nC v (3T x - T x ) = 2nC v T h 
where C v is the molar specific heat at constant volume. Now 

Y= C P IC V = {C v + R)IC V = 1 + (R/Cv), 

so Cv = Rl{y- 1). Here C p is the molar specific heat at constant pressure, which for an 
ideal gas is C p = Cv + R- Thus, Qn = 2nRT\l(y- 1). The efficiency is 


2nRT x 


1- 


1 


ir-i 


2nRT< 


= 1 — 


1 


4 


r-i 


With 7= 1.30, the efficiency is e = 0.340 or 34.0%. 


36. Eq. 20-10 still holds (particularly due to its use of absolute values), and energy 
conservation implies \W\ + Q L = Qu- Therefore, with T L = 268.15 K and T H = 290.15 K, 
we find 

' : ( le H |_ W) í^ 

Vl H| 1 |; U68.15. 


\Qr\ = \Ql 


which (with \W\ = 1.0 J) leads to \Q K \ = \W\ 


1 


1-268.15/290.15 


13 J. 


37. A Carnot refrigerator working between a hot reservoir at temperature Tu and a cold 
reservoir at temperature T L has a coefficient of performance K that is given by 


For the refrigerator of this problem, T n = 96° F = 309 K and T L = 70° F = 294 K, so 

K= (294 K)/(309 K-294 K) = 19.6. 

The coefficient of performance is the energy Q L drawn from the cold reservoir as heat 
divided by the work done: K = \Ql\/\W\. Thus, 

\Q L \=K\W\ = (19. 6)(1.0 J) = 20 J. 


38. (a) Eq. 20-15 provides 


K - ^ =, \Q \ = \0 V + Kc \ 
C \Qu\~\Ql\ 11 ' \ K c ) 

which yields |g H | = 49 kJ when K c = 5.7 and \Q L \ = 42 kJ. 
(b) From §20-5 we obtain 

\W\ = |ô h |-|Ôl| = 49-4 kJ-42.0 kJ = 7.4kJ 

if we take the initial 42 kJ datum to be accurate to three figures. The given temperatures 
are not used in the calculation; in fact, it is possible that the given room temperature 
value is not meant to be the high temperature for the (reversed) Carnot cycle — since it 
does not lead to the given K c using Eq. 20-16. 


39. The coefficient of performance for a refrigerator is given by K = \Q\\I\W\, where Ql is 
the energy absorbed from the cold reservoir as heat and W is the work done during the 
refrigeration cycle, a negative value. The first law of thermodynamics yields Qn + Ql~ 
W= 0 for an integer number of cycles. Here Qu is the energy ejected to the hot reservoir 
as heat. Thus, Ql = W - Qn. Qu is negative and greater in magnitude than W, so \Q{\ = 
Qu II'. Thus. 


\Qb 


\w\ 


w\ 



The solution for \W\ is \W\ = \Qn\/(K+ 1). In one hour, 

W = Z^£ =1 .57MJ. 
1 1 3.8 + 1 

The rate at which work is done is (1.57 x IO 6 J)/(3600 s) = 440 W. 


40. (a) Using Eq. 20-14 and Eq. 20-16, we obtain 


300K-280K 


W\ = ^ = (l.O J) 

K c 


V 


280K 


J 


= 0.071 J. 


(b) A similar calculation (being sure to use absolute temperature) leads to 0.50 J in this 
case. 

(c) With T L = 100 K, we obtain \W\ = 2.0 J. 

(d) Finally, with the low temperature reservoir at 50 K, an amount of work equal to | W\ = 
5.0 J is required. 


41. The efficiency of the engine is defined by e= WIQ\ and is shown in the text to be 


£ = 


T -T 


W _T,-T 2 


a Ti 


The coefficient of performance of the refrigerator is defined by K = Q 4 /W and is shown in 
the text to be 


K = 


T* _ Q 4 _ T 4 


T,-T 4 W T 3 -T 4 


Now Q 4 = Qs - W, so 


(Q 3 -W)/W=T 4 /(T 3 -T 4 ). 


The work done by the engine is used to drive the refrigerator, so W is the same for the 
two. Solve the engine equation for W and substitute the resulting expression into the 
refrigerator equation. The engine equation yields W=(T\- T 2 )Q\IT\ and the substitution 
yields 


Ô3_ 1 = 


T 3 -T 4 W QÀT X -T 2 


— 1. 


Solving for Q3/Q1, we obtain 


^^+1 

T -T 
\ 1 i 1 4 J 


T -T 
T 


V J 3 L AJ 


T -T 
T 


With Ti = 400 K, 7 2 = 150 K, T 3 = 325 K, and T 4 = 225 K, the ratio becomes g 3 /gi=2.03. 


42. (a) Eq. 20-13 gives the Carnot efficiency as 1 - T L /T H . This gives 0.222 in this case. 
Using this value with Eq. 20-1 1 leads to 

W =(0.222)(750 J)= 167 J. 

(b)Now, Eq. 20-16 gives K c = 3.5. Then, Eq. 20-14 yields \W\ = 1200/3.5 = 343 J. 


43. We are told K = 0.27K C where 


K ~ ^ ~ 294 K -23 
c T H -r L 307 K-294K 

where the Fahrenheit temperatures have been converted to Kelvins. Expressed on a per 
unit time basis, Eq. 20-14 leads to 

\W\ \Q \lt 4000 Btu/h r „ „ 

= — = — -V = 643 Btu/h. 

í A" (0.27)(23) 

Appendix D indicates 1 But/h = 0.0003929 hp, so our result may be expressed as \ W\lt = 
0.25 hp. 


44. The work done by the motor in t = 10.0 min is \W\ = Pt = (200 W)(10.0 min)(60 s/min) 
= 1.20 x IO 5 J. The heat extracted is then 

T,\W\ (270K) (l.20xl0 5 j) 

\Q,\ = K\W\= l| 1 =- ^ ^ = 1.08xl0 6 J. 

11 1 1 T H -T L 300K-270K 


45. We need nine labels: 


Label 

Number of molecules on side 1 

Number of molecules on side 2 

I 

8 

0 

II 

7 

1 

III 

6 

2 

IV 

5 

3 

V 

4 

4 

VI 

3 

5 

VII 

2 

6 

VIII 

1 

7 

IX 

0 

8 


The multiplicity W is computing using Eq. 20-20. For example, the multiplicity for label 
IV is 

(50(3!) (120)(6) 
and the corresponding entropy is (using Eq. 20-21) 

S = k\nW = (1.38X10" 23 J/K) ln(56) = 5.6xl0~ 23 J/K. 
In this way, we generate the following table: 


Label 

w 

S 

I 

1 

0 

II 

8 

2.9 x IO" 23 J/K 

III 

28 

4.6 x IO" 23 J/K 

IV 

56 

5.6 x IO" 23 J/K 

V 

70 

5.9 x IO" 23 J/K 

VI 

56 

5.6 x IO" 23 J/K 

VII 

28 

4.6 x IO" 23 J/K 

VIII 

8 

2.9 x IO" 23 J/K 

IX 

1 

0 


46. (a) We denote the configuration with n heads out of iVtrials as (n; IV). We use Eq. 20- 
20: 

W (25;50) = = 1.26xl0 14 . 

V ' (25!)(50-25)! 

(b) There are 2 possible choices for each molecule: it can either be in side 1 or in side 2 
of the box. If there are a total of N independent molecules, the total number of available 
states of the iV-particle system is 

iV total =2x2x2x---x2 = 2 jV . 
WithiV = 50, we obtain iV tot ai = 2 50 =1.13 x IO 15 . 

(c) The percentage of time in question is equal to the probability for the system to be in 
the central configuration: 

r ( 25;5 °) 1-26X10 14 
p 25 50 = - n = -— = 11 . 1%. 

v 1 2 50 1.13xl0 15 


WithN = 100, we obtain 


(d) W(N/2, N) = N\l[(NI2)\f = 1.01 x IO 29 , 


(e) M ota i = 2 N =1.27 x 10 30 , 


(f) and p(N/2;N) = W(N/2, N)/ N tota i= 8.0%. 
Similarly, for N= 200, we obtain 


(g) W(NI2,N) = 9.25 x IO 58 , 


(h)7V tota i=1.61xl0 60 , 


(i) and p(N/2; N) = 5.7%. 


(j) As N increases the number of available microscopic states increase as 2 N , so there are 
more states to be occupied, leaving the probability less for the system to remain in its 
central configuration. Thus, the time spent in there decreases with an increase in N. 


47. (a) Suppose there are ni molecules in the left third of the box, nc molecules in the 
center third, and Ur molecules in the right third. There are NI arrangements of the N 
molecules, but «J are simply rearrangements of the hl molecules in the right third, nc\ 
are rearrangements of the nc molecules in the center third, and hr\ are rearrangements of 
the Hr molecules in the right third. These rearrangements do not produce a new 
configuration. Thus, the multiplicity is 


(b) If half the molecules are in the right half of the box and the other half are in the left 
half of the box, then the multiplicity is 


If one-third of the molecules are in each third of the box, then the multiplicity is 


W = 


NI 


NI 


(N/2)\(N/2)\' 


NI 


(N/3)\{N/3)\{N/3)\- 


The ratio is 



(N/2)\(N/2)\ 


(N/3)](N/3)\(N/3)\' 


(c) ForiV= 100, 



33!33!34! 


50150! 


= 4.2xl0 16 . 


48. Using Hooke's law, we find the spring constant to be 


, F 1.50 N 0 ^ XT/ 

k = — = = 42.86 N/m . 

x. 0.0350 m 


To find the rate of change of entropy with a small additional stretch, we use Eq. 20-7 (see 
also Sample Problem 20-3) and obtain 


dS_ 

dx 


k\x\_ (42.86 N/m)(0.0 1 70 m) 
T 275 K 


= 2.65xl0~ 3 J/K-m. 


49. Using Eq. 19-34 and Eq. 19-35, we arrive at 

Av = (V3 - sj2 yjRT/M 

(a) We find, withM= 28 g/mol = 0.028 kg/mol (see Table 19-1), Av ; =87 m/s at 250 K, 

(b) and Av/=122 -1.2xl0 2 m/s at 500 K. 

(c) The expression above for Áv implies 

T ' *(V^> 2(Av)2 

which we can plug into Eq. 20-4 to yield 

AS = nR ln(V f /Vi) + nC v ln(7>/7i) = 0 + nC v ln[(Av/) 2 /(Av0 2 ] = 2nC v ln(A V/ /Av ; ). 

Using Table 19-3 to get C v = 5R/2 (see also Table 19-2) we then find, for n = 1.5 mol, AS* 
= 22 J/K. 


50. The net work is figured from the (positive) isothermal expansion (Eq. 19-14) and the 
(negative) constant-pressure compression (Eq. 19-48). Thus, 

W mt = nRT H HV m JV mm ) + nR(T L - T H ) 

where n = 3.4, T H = 500 K, T L = 200 K and V mn J V m m = 5/2 (same as the ratio T H /T L ). 
Therefore, W net = 4468 J. Now, we identify the "input heat" as that transferred in steps 1 
and 2: 

Qm = Qx + Qi = nC v {T H - T L ) + nRT H ln(V m JV mm ) 

where C v = 5R/2 (see Table 19-3). Consequently, Q m = 34135 J. Dividing these results 
gives the efficiency: W aei /Q m = 0.131 (or about 13.1%). 


51. (a) If Tn is the temperature of the high-temperature reservoir and T L is the 
temperature of the low-temperature reservoir, then the maximum efficiency of the engine 
is 


(800 + 40) K 
(800 + 273) K 


0.78 or 78%. 


(b) The efficiency is defined by e= \ W\l\Qn\, where Wh the work done by the engine and 
Qn is the heat input. Wis positive. Over a complete cycle, Qu = W+ \Ql\, where Ql is the 
heat output, soe= W/(W+ \Q L \) and \Q L \ = W[(\/e) - 1]. Now e= (T u - T L )/T H , where T H 
is the temperature of the high-temperature heat reservoir and T L is the temperature of the 
low-temperature reservoir. Thus, 


1 T , WT 

i-l = — L and a \ = ^-±- 

e T H -T L 1 L| T H -T L 


The heat output is used to melt ice at temperature 7} = - 40°C. The ice must be brought to 
0°C, then melted, so 

\Ql\ = mc(T f - Ti) + mL F , 

where m is the mass of ice melted, Tf is the melting temperature (0°C), c is the specific 
heat of ice, and L F is the heat of fusion of ice. Thus, 

WTJ(T U - T L ) = mc(T f - T t ) + mL F . 

We differentiate with respect to time and replace dWldt with P, the power output of the 
engine, and obtain 

PTJ(T n - T L ) = (dm/dt)[c(T f - T,) + L F ]. 


Therefore, 


dm 
dt 


t _r 


c(T f -T t ) + L f 


Now, P = 100 x 10 W, T L = 0 + 273 = 273 K, T n = 800 + 273 = 1073 K, T { = -40 + 273 
= 233 K, T f = 0 + 273 = 273 K, c = 2220 J/kg-K, and L F = 333 x 10 3 J/kg, so 


d m [(lOOxIO 6 J/s)(273 K) 
~dt 1073 K - 273 K 

= 82 kg/s. 


1 


(2220 J/kg-K)(273 K-233 K) + 333xl0 3 J/kg 


We note that the engine is now operated between 0°C and 800°C. 


52. (a) Combining Eq. 20-1 1 with Eq. 20-13, we obtain 


F\ = \Qk\ 


í T \ 


(500 J) 


f 260 


v 


320 K 


= 93. 8J. 


(b) Combining Eq. 20-14 with Eq. 20-16, we find 


W = 


1000J 


{ T L \ ( 260K \ 
\Th-T l ) U20K-260K,/ 


= 231 J. 


53. (a) Starting from = 0 (for calorimetry problems) we can derive (when no phase 
changes are involved) 


c x m x +c 2 m 2 


which is equivalent to 314 K. 
(b) From Eq. 20-1, we have 

p3i4 cmdT 


AS, 


copper 


153 


= (386)(0.600)ln 


314 
353 


= -27.1 J/K. 


(c) For water, the change in entropy is 

p3i4 cmdT 


A S .. = £^ = (4 1 90)(0.0700)ta 


314 

283 


= 30.5 J/K. 


(d) The net result for the system is (30.5 - 27.1) J/K = 3.4 J/K. (Note: these calculations 
are fairly sensitive to round-off errors. To arrive at this final answer, the value 273.15 
was used to convert to Kelvins, and ali intermediate steps were retained to full calculator 
accuracy.) 


54. For an isothermal ideal gas process, we have Q = W = nRT\n{Vf/Vi). Thus, 

AS = Q/T = W/T = nR ln( Vf/Vi ) 

(a) Vf/Vi = (0.800)/(0.200) = 4.00, AS* = (0.55)(8.31)ln(4.00) = 6.34 J/K. 

(b) Vf/Vi = (0.800)/(0.200) = 4.00, AS* = (0.55)(8.31)ln(4.00) = 6.34 J/K. 

(c) Vf/Vi = (1.20)/(0.300) = 4.00, ÀS = (0.55)(8.3 l)ln(4.00) = 6.34 J/K. 

(d) Vf/V = (1.20)/(0.300) = 4.00, ÀS = (0.55)(8.31)ln(4.00) = 6.34 J/K. 


55. Except for the phase change (which just uses Eq. 20-2), this has some similarities 
with Sample Problem 20-2. Using constants available in the Chapter 19 tables, we 
compute 

AS = m[c lce ln(273/253) + + c wate rln(3 13/273)] = 1.18 x IO 3 J/K. 


56. Eq. 20-4 yields 

AS= nR\n(V f /Vi) + nC r \n(T f /Ti) = 0 + nC v ln(425/380) 
where n = 3.20 and C v = \r (Eq. 19-43). This gives 4.46 J/K. 


57. (a) It is a reversible set of processes returning the system to its initial state; clearly, 

ASnet = 0. 

(b) Process 1 is adiabatic and reversible (as opposed to, say, a free expansion) so that Eq. 
20-1 applies with dQ = 0 and yields AS\ = 0. 

(c) Since the working substance is an ideal gas, then an isothermal process implies Q = W, 
which further implies (regarding Eq. 20-1) dQ = p dV. Therefore, 

cdQ rpdV n rdV 

\—= \ í r^v = nR — 
which leads to AS 3 = n/?ln(l/2) = -23.0 J/K. 

(d) By part (a), AS Y + AS 2 + AS 3 = 0. Then, part (b) implies AS 2 = -AS 3 . Therefore, AS 2 = 
23.0 J/K. 


58. (a) The most obvious input-heat step is the constant-volume process. Since the gas is 

3 

monatomic, we know from Chapter 19 that C v =—R. Therefore, 


Q v = nC v AT=(\.0 mol) 


f i\ 


8.31- 


mol-K 


(600 K - 300 K)= 3740 J. 


Since the heat transfer during the isothermal step is positive, we may consider it also to 
be an input-heat step. The isothermal Q is equal to the isothermal work (calculated in the 
next part) because ÍSE mt = 0 for an ideal gas isothermal process (see Eq. 19-45). 
Borrowing from the part (b) computation, we have 


fí sothem = n*r H ln2 = (lmol) 


8.31- 


mol-K 


(600 K)ln2 = 3456 J. 


Therefore, Qn = Qv + gisotherm = 7.2 x 10 J. 

(b) We consider the sum of works done during the processes (noting that no work is done 
during the constant-volume step). Using Eq. 19-14 and Eq. 19-16, we have 


W=nRT H \n 


max 

v 

V min / 


+ p (V -V ) 

r^min V mm max / 


where (by the gas law in ratio form, as illustrated in Sample Problem 19-1) the volume 
ratio is 


^ a x_^ H _ 600 K_ 2 
L T L 300 K 


Thus, the net work is 


W=nRT ti ln2 + Pmin V m 


1 — = n RT H \n2 + nRT L (1 - 2) = nR (r H ln2 - T L ) 


v 

V mm 


(1 mol)Í8.31 fY]^ 600 K ) ln2 "( 300 K )) 


9.6xl0 2 J. 


(c) Eq. 20-11 gives 


£ = — = 0.134 « 13%. 

Qn 


59. (a) Processes 1 and 2 both require the input of heat, which is denoted Qu. Noting that 
rotational degrees of freedom are not involved, then, from the discussion in Chapter 19, 
C v =3R/2, C p =5R/2, and 7 = 5/3. We further note that since the working substance 

is an ideal gas, process 2 (being isothermal) implies Qi = Wi. Finally, we note that the 
volume ratio in process 2 is simply 8/3. Therefore, 

Q a =Q l +Q 2 = nC v {T'-T) + nRT'h í l 

which yields (for 7= 300 K and T = 800 K) the result Q u = 25.5 x IO 3 J. 


(b) The net work is the net heat (Q 1 + Q 2 + Qi). We find Q 3 from nC p {T-T') = -20.8 x 
IO 3 J. Thus, W= 4.73 x 10 3 J. 

(c) Using Eq. 20-1 1, we find that the efficiency is 

= 0.185 or 18.5%. 



\w\ 

_ 4.73xl0 3 _ 


Qu 

25.5xl0 3 


60. (a) Starting from - 0 (for calorimetry problems) we can derive (when no phase 
changes are involved) 


CjWj Jj + c 2 m 2 T 2 


c x m x + c 2 m 2 


-44.2°C, 


which is equivalent to 229 K. 
(b) From Eq. 20-1, we have 

r229 cmdT 


AS, 


tungsten 


(c) Also, 


AS. 


silver 


-£ 
■í 


T 

■229 cmdT 


= (134)(0.045)ln 


( 229^ 


(236)(0.0250)ln 


V 303y 

f 229^ 


= -1.69 J/K. 


vl53 y 


2.38 J/K. 


(d) The net result for the system is (2.38 - 1.69) J/K = 0.69 J/K. (Note: these calculations 
are fairly sensitive to round-off errors. To arrive at this final answer, the value 273.15 
was used to convert to Kelvins, and ali intermediate steps were retained to full calculator 
accuracy.) 


61. From the formula for heat conduction, Eq. 19-32, using Table 19-6, we have 
H = kA Th ' l Tc = (401) (tt(0.02) 2 ) 270/1.50 

which yields H = 90.7 J/s. Using Eq. 20-2, this is associated with an entropy rate-of- 
decrease of the high temperature reservoir (at 573 K) equal to 

AS/t = -90.7/573 = -0.158 (J/K)/s. 

And it is associated with an entropy rate-of-increase of the low temperature reservoir (at 
303 K) equal to 

AS/t = +90.7/303 = 0.299 (J/K)/s. 
The net result is (0.299 - 0.158) (J/K)/s = 0.141 (J/K)/s. 


62. (a) Eq. 20-14 gives K= 560/150 = 3.73. 

(b) Energy conservation requires the exhaust heat to be 560 + 150 = 710 J. 


63. (a) Eq. 20-15 can be written as = \Q L \(\ + \IK C ) = (35)(1 +^) = 42.6 kJ. 
(b) Similarly, Eq. 20-14 leads to\W\ = \Ql\/K= 35/4.6 = 7.61 kJ. 


64. (a) A good way to (mathematically) think of this is: consider the terms when you 
expand 

(1 + xf = 1 + 4x + 6x 2 + 4x 3 + x 4 . 
The coefficients correspond to the multiplicities. Thus, the smallest coefficient is 1 . 

(b) The largest coefficient is 6. 

(c) Since the logarithm of 1 is zero, then Eq. 20-21 gives S = 0 for the least case. 

(d) S = k ln(6) = 2.47 x IO" 23 J/K. 


65. (a) Eq. 20-2 gives the entropy change for each reservoir (each of which, by definition, 
is able to maintain constant temperature conditions within itself). The net entropy change 
is therefore 

+\Q\ -IQI 
AS " 273 +24 + 273 + 130 " 4-45 


where we set \Q\ = 5030 J. 


(b) We have assumed that the conductive heat flow in the rod is "steady-state"; that is, 
the situation described by the problem has existed and will exist for "long times." Thus 
there are no entropy change terms included in the calculation for elements of the rod 
itself. 


from 


T to _ 300K 


67. We adapt the discussion of §20-7 to 3 and 5 particles (as opposed to the 6 particle 
situation treated in that section). 

(a) The least multiplicity configuration is when ali the particles are in the same half of the 
box. In this case, using Eq. 20-20, we have 

3' 

W = — = \. 
3!0! 

(b) Similarly for box B, W = 5 !/(5 !0!) = 1 in the "least" case. 

(c) The most likely configuration in the 3 particle case is to have 2 on one side and 1 on 
the other. Thus, 

3' 

W = — = 3. 
2!1! 

(d) The most likely configuration in the 5 particle case is to have 3 on one side and 2 on 
the other. Thus, 

51 

W = — = 10. 
3!2! 

(e) We use Eq. 20-21 with our result in part (c) to obtain 

S = k\nW = (l.38xl0" 23 )ln3 = 1.5xl0" 23 J/K. 

(f) Similarly for the 5 particle case (using the result from part (d)), we find 

S = k\n 10 = 3.2 x IO" 23 J/K. 


68. A metric ton is 1000 kg, so that the heat generated by burning 380 metric tons during 
one hour is(380000 kg)(28 MJ/kg) = 10.6xl0 6 MJ. The work done in one hour is 


W = (750 MJ/s)(3600 s) = 2.7xl0 6 MJ 
where we use the fact that a Watt is a Joule -per-second. By Eq. 20-1 1, the efficiency is 

=0 , 253=2 5%, 

10.6xl0 6 MJ 


69. Since the volume of the monatomic ideal gas is kept constant it does not do any work 
in the heating process. Therefore the heat Q it absorbs is equal to the change in its inertial 
3 

energy: dQ = dE mX =—nRdT. Thus, 


AS 


rdQ_ ,7) (3nR/2)dT 
J f ir, j 

= 3.59 J/K. 


-nR ln 


(TA 3 


T 

v 1 i J 


(1.00 mol) 


8.31- 


J 


mol-K 


^, T400 K^ 
ln 

300 K 


70. With the pressure kept constant, 


dQ = nC p dT = n{C v +R)dT = 


-nR + nR 


dT = -nRdT, 
2 


so we need to replace the factor 3/2 in the last problem by 5/2. The rest is the same. Thus 
the answer now is 


í T \ 


AS = -nRln 
2 


= ^(1.00mol) 


8.31- 


mol- K 


ln 


400 K 
300 K 


5.98 J/K. 


71. The change in entropy in transferring a certain amount of heat Q from a heat reservoir 
at Ti to another one at T 2 is AS = ASi + AS 2 = Q(UT 2 - l/7/i). 


(a) A5 = 

(260 J)(1/100K- 

1/400 K) = 

1.95 J/K. 

(b)A5 = 

(260 J)( 1/200 K- 

1/400 K) = 

0.650 J/K. 

(c) A5 = 

(260 J)(1/300K- 

1/400 K) = 

0.217 J/K. 

(d)A5 = 

(260 J)(1/360K- 

1/400 K) = 

0.072 J/K. 


(e) We see that as the temperature difference between the two reservoirs decreases, so 
does the change in entropy. 


72. The Carnot efficiency (Eq. 20-13) depends linearly on T L so that we can take a 
derivative 

, T, d£ 1 

e = \-— => = 

T H dT L T H 

and quickly get to the result. With de -> Ae = 0. 100 and T H = 400 K, we find dT h AT L 
= -40 K. 


73. (a) We use Eq. 20-16. For configuration A 


iV' 50' 

W a = 7 , w' ; v = , v = 1-26X10 14 . 

(N/2)\(N/2)\ (25!)(25!) 


(b) For configuration B 


W = ™ = ™ = 471xl0 13 

5 (0.6N)\(0AN)\ [0.6(50)] ![0.4(50)]! 


(c) Since ali microstates are equally probable, 

037. 

^ 3393 

We use these formulas for tY = 100. The results are 

(d) ^ = W2^ = (5(^ = L01Xl0Í '- 

(e) W. - 7 - 1001 = 1.37xl0 28 . 

B (0.6jV)!(0.4tV)! [0.6(100)] ![0.4(1 00)]! 

(f) and/ W B IW A ~ 0.14. 

Similarly, using the same formulas for tV = 200, we obtain 

(g) ^ = 9.05xl0 58 , 

(h) W B = 1.64 x IO 57 , 

(i) and/= 0.018. 

(j) We see from the calculation above that / decreases as yV increases, as expected. 


74. (a) From Eq. 20-1, we infer Q = \ T dS, which corresponds to the "area under the 
curve" in a T-S diagram. Thus, since the area of a rectangle is (height)x(width), we have 
Qi^ 2 = (350)(2.00) = 700J. 

(b) With no "area under the curve" for process 2 — > 3, we conclude Q 2 ^ = 0. 

(c) For the cycle, the (net) heat should be the "area inside the figure," so using the fact 
that the area of a triangle is Vi (base) x (height), we find 

Q net = \ (2.00)(50) = 50 J . 

(d) Since we are dealing with an ideal gas (so that AEi nt = 0 in an isothermal process), 
then 

W^ 2 =Qi^2 =700 J . 

(e) Using Eq. 19-14 for the isothermal work, we have 

W^ 2 = nRT\ny i . 

where T= 350 K. Thus, if V 1 = 0.200 m 3 , then we obtain 

V 2 = Vi exp (W/nRT) = (0.200) e n = 0.226 m 3 . 

(f) Process 2 — > 3 is adiabatic; Eq. 19-56 applies with y = 5/3 (since only translational 
degrees of freedom are relevant, here). 

T 2 V 2 yA = W l 

This yields V 3 = 0.284 m 3 . 

(g) As remarked in part (d), AEint = 0 for process 1 — > 2. 

(h) We find the change in internai energy from Eq. 19-45 (with Cy = \R): 

AE int = nC v (T 3 - T 2 ) = -1.25 x IO 3 J . 

(i) Clearly, the net change of internai energy for the entire cycle is zero. This feature of a 
closed cycle is as true for a T-S diagram as for a p-V diagram. 

(j) For the adiabatic (2 — > 3) process, we have W = -AE int . Therefore, W= 1.25 X 10 J. 
Its positive value indicates an expansion. 


75. Since the inventor's claim implies that less heat (typically from burning fuel) is 
needed to operate his engine than, say, a Carnot engine (for the same magnitude of net 
work), then Qh'< Qh (See Fig. 20-35(a)) which implies that the Carnot (ideal refrigerator) 
unit is delivering more heat to the high temperature reservoir than engine X draws from it. 
This (using also energy conservation) immediately implies Fig. 20-35(b) which violates 
the second law. 


1. Eq. 21-1 gives Coulomb' s Law, F = k lJ \ 2 ^ , which we solve for the distance 


\ k\ qi \\q 2 \ _ (8.99xl0 9 N-m 2 /C 2 ) (26.0x10 ^) (47.0xl(T 6 c) _ 
Í F Í 5.70N ' m ' 


2. (a) With a understood to mean the magnitude of acceleration, Newton' s second and 
third laws lead to 

(6.3 x 1(T 7 kg) (7.0 m/s 2 ) 

m 2 a 2 = m l a l =í> m 2 = — = 4.9 x 10 kg . 

9.0m/s 

(b) The magnitude of the (only) force on particle 1 is 


F = m l a l =fc^^ = (8.99xl0 9 N-m 2 /C 2 ) ^ 


|2 


r z v ' ' (0.0032 m) 2 ' 

Inserting the values for m.\ and a\ (see part (a)) we obtain 1^1 = 7.1 x 10 -11 C. 


3. The magnitude of the mutual force of attraction at r = 0.120 m is 

\q.\\q 2 \ , , 2 ,(3.00xlO- 6 C)(l.50xlO- 6 C) 

F = /t™^ = (8.99xl0 9 N-m 2 /C 2 )^ ^ - ^ = 2.81N. 

r 2 v 1 ' (0.120 m) 2 


4. The fact that the spheres are identical allows us to conclude that when two spheres are 
in contact, they share equal charge. Therefore, when a charged sphere (q) touches an 
uncharged one, they will (fairly quickly) each attain half that charge (q/2). We start with 
spheres 1 and 2 each having charge q and experiencing a mutual repulsive force 
F = kq 2 Ir 2 . When the neutral sphere 3 touches sphere 1, sphere l's charge decreases to 
q/2. Then sphere 3 (now carrying charge q/2) is brought into contact with sphere 2, a total 
amount of q/2 + q becomes shared equally between them. Therefore, the charge of sphere 
3 is 3q/4 in the final situation. The repulsive force between spheres 1 and 2 is finally 

F , =k ( q i2mivj_ k tj_ F r = 3 

r 2 8 r 2 8 F 8 


5. The magnitude of the force of either of the charges on the other is given by 


F= 1 g(6-g) 

4ns 0 r 2 

where r is the distance between the charges. We want the value of q that maximizes 
function f(q) = q(Q - q). Setting the derivative dF I dq equal to zero leads to Q - 2q = 
ovq = Q/2. Thus, q/Q = 0.500. 


6. The unit Ampere is discussed in §21-4. Using i for current, the charge transferred is 

^ = / í = (2.5xl0 4 A)(20xl0^s) = 0.50C. 


7. We assume the spheres are far apart. Then the charge distribution on each of them is 
spherically symmetric and Coulomb' s law can be used. Let q\ and q 2 be the original 
charges. We choose the coordinate system so the force on q 2 is positive if it is repelled by 
q\. Then, the force on q 2 is 

1 q,q 2 , <hçh 
a Ans, r 2 


where r = 0.500 m. The negative sign indicates that the spheres attract each other. After 
the wire is connected, the spheres, being identical, acquire the same charge. Since charge 
is conserved, the total charge is the same as it was originally. This means the charge on 
each sphere is (qi + q 2 )/2. The force is now one of repulsion and is given by 

1 q l +q 1 \( q l +q 1 \ / \2 

p 1 {—){—) =k {q l +q 2 ) 
b 4ns Q r 2 Ar 2 

We solve the two force equations 

r 2 F a 
k 

and the second gives the sum 

q x + q 2 = Irjí = 2(0.500m) 1 Q -°3 6QN ~ = 2 . 0 0 x IO" 6 C 
12 \k V ^S.QQxlO^-mVC 2 

where we have taken the positive root (which amounts to assuming q\ + q 2 > 0). Thus, the 
product result provides the relation 

-(3.00xl0~ 12 C 2 ) 
q 2 = 

which we substitute into the sum result, producing 

,,- 30OxlO "' 2C ' =2.00x^0. 

Multiplying by q\ and rearranging, we obtain a quadratic equation 

q\ - (2.00 x ÍO^C)^ - 3.00 x IO" 12 C 2 = 0. 


simultaneously for q\ and q 2 . The first gives the product 
(0.500 m) 2 (0.108 N) 


8.99xl0 9 N-m7C 


■ = -3.00 x 10 12 C 2 , 


The solutions are 

2.00 x IO" 6 C ± J(-2.00 x IO" 6 C) 2 - 4(-3.00 x IO" 12 C 2 ) 


If the positive sign is used, q\ = 3.00 x 10 C, and if the negative sign is used, 
?1 =-1.00xl0" 6 C. 

(a) Using q 2 = (-3.00 x 10 12 )/^i with q 1 = 3.00 x IO" 6 C, we get q 2 =-1.00xl0 -6 C . 

(b) If we instead work with the q x = -1 .00 x IO" 6 C root, then we find q 2 = 3.00x IO" 6 C . 

Note that since the spheres are identical, the solutions are essentially the same: one sphere 
originally had charge -1.00 x 10 6 C and the other had charge +3.00 x 10 6 C. 

What if we had not made the assumption, above, that q\ + q 2 > 0? If the signs of the 
charges were reversed (so q\ + q 2 < 0), then the forces remain the same, so a charge of 
+ 1.00 x IO" 6 C on one sphere and a charge of -3.00 x IO" 6 C on the other also satisfies 
the conditions of the problem. 


8. For ease of presentation (of the computations below) we assume Q > 0 and q < 0 
(although the final result does not depend on this particular choice). 

(a) The ^-component of the force experienced by q\ = Q is 


F,.=- 


Lv 


(e)(G). cos45 . + MM 


(y/la) 


Q\q\ { Ql\q\ 

2V2 


4ft£ Q Cl y 


+1 


which (upon requiring F u = 0) leads to Q 1 1 q 1= ijl , or Q I q = -2^2 = -2.83. 


(b) The y-component of the net force on q2 = q is 


F 2y=- 


-sin45 -- — -r — - 


(y/2a) 


a 


\q\ 2 


1 Q 


2V2 l<?l 


which (if we demand F 2y = 0) leads to Ql q = -l/2-Jl . The result is inconsistent with 
that obtained in part (a). Thus, we are unable to construct an equilibrium configuration 
with this geometry, where the only forces present are given by Eq. 21-1. 


9. The force experienced by qj, is 


F = F + F +F = 

1 3 1 31 T 1 32 T 1 34 


4;r£V, 


l^j + l^ (cos 45°i + sin45Í) + l^i 


(V2a) 2 


(a) Therefore, the x-component of the resultant force on g 3 is 


F,=- 


\q 3 \ ( \q 2 \ 


Ans Q a v 


^j= + \<l4 lJ = (8.99xl0 9 N-m7c 2 ) 


2(l.0xl0" 7 C) 2 


(0.050 m) 2 


2V2 


+ 2 


= 0.17N. 


(b) Similarly, the j-component of the net force on g 3 is 


\q 3 \ 


3> 47rs 0 a 2 


1^2 0 


| í?1 l + ^J = (8.99xl0 9 N-m 2 /C 2 ) 


2(l.0xl0" 7 C) 2 
(0.050 m) 2 


-1 + 


2V2 


= -0.046N. 


10. (a) The individual force magnitudes (acting on Q) are, by Eq. 21-1, 


1 Igjg 1 \q 2 \Q 

4ns Q (-a-allf 4tts q (a-a/lf 

which leads to Igil = 9.0 \q 2 \. Since Q is located between q\ and q 2 , we conclude q\ and q 2 
are like-sign. Consequently, gi/g2 = 9.0. 

(b) Now we have 

1 |gi|g _ 1 \q 2 \Q 
4^o (-a - 3a / 2) 2 4^ 0 ( a - 3a / 2) 2 

which yields Igil = 25 \q 2 \. Now, Q is not located between q\ and <?2, one of them must 
push and the other must pull. Thus, they are unlike-sign, so q\lq 2 = -25. 


11. With rightwards positive, the net force on q 3 is 


113 , #2^3 


-/^ — ^\3 -^23 — ^ 2 ^ 

(L 12 +L 23 ) £ 2 3 

We note that each term exhibits the proper sign (positive for rightward, negative for 
leftward) for ali possible signs of the charges. For example, the first term (the force 
exerted on qj, by q\) is negative if they are unlike charges, indicating that q 3 is being 
pulled toward q\, and it is positive if they are like charges (so q 3 would be repelled from 
qi). Setting the net force equal to zero L 2 3= L\ 2 and canceling k, q 3 and L\ 2 leads to 

9l - + q 2 =0 => ^ = -4.00. 


4.00 q 2 


12. As a result of the first action, both sphere W and sphere A possess charge ^q A , where 
q A is the initial charge of sphere A. As a result of the second action, sphere W has charge 


2 


-32e 


As a result of the final action, sphere W now has charge equal to 


1_ 

2 


-32e 


+ 48e 


Setting this final expression equal to +18e as required by the problem leads (after a 
couple of álgebra steps) to the answer: q A = +I6e. 


13. (a) Eq. 21-1 gives 

m. 


uu . a o . (20.0xl(T 6 C) 

R [ 2 =k^= 8.99xl0 9 N-m 2 /C 2 P ^ = 1 

12 d 2 1 1 > (l.50m) 2 


60N. 


(b) On the right, a force diagram is shown as well as our choice of y 
axis (the dashed line). 


The y axis is meant to bisect the line between q 2 and q 3 in order to 
make use of the symmetry in the problem (equilateral triangle of 
side length d, equal-magnitude charges q\ = qi = q?, = q). We see 
that the resultant force is along this symmetry axis, and we obtain ^ 


n= 2 


í 2 A 

V d 2 j 


, o . (20.0xlCT 6 C) 

cos 30° = 2( 8.99 xlO N- m 2 /C 2 P ^cos 30° = 2.77 N 

1 ' ' (l.50m) 2 


14. (a) According to the graph, when q 3 is very close to q\ (at which point we can 
consider the force exerted by particle 1 on 3 to dominate) there is a (large) force in the 
positive x direction. This is a repulsive force, then, so we conclude q\ has the same sign 
as q 3 . Thus, q 3 is a positive-valued charge. 

(b) Since the graph crosses zero and particle 3 is between the others, q x must have the 
same sign as q 2 , which means it is also positive-valued. We note that it crosses zero at r 
= 0.020 m (which is a distance d = 0.060 m from q 2 ). Using Coulomb' s law at that point, 
we have 


1 gigg = 1 g 3 g 2 
A7ze 0 r 2 4ns 0 d 2 



0.060 m 


41=9.0 4, 


=> 12 = 


0.020 m 


i ' 


V 


or q 2 /qi = 9.0. 


15. (a) There is no equilibrium position for g 3 between the two fixed charges, because it is 
being pulled by one and pushed by the other (since q\ and q-i have different signs); in this 
region this means the two force arrows on ç 3 are in the same direction and cannot cancel. 
It should also be clear that off-axis (with the axis defined as that which passes through the 
two fixed charges) there are no equilibrium positions. On the semi-infinite region of the 
axis which is nearest qi and furthest from q\ an equilibrium position for g 3 cannot be 
found because \qi\ < \q 2 \ and the magnitude of force exerted by qi is everywhere (in that 
region) stronger than that exerted by q\ on g 3 . Thus, we must look in the semi-infinite 
region of the axis which is nearest q\ and furthest from q 2 , where the net force on g 3 has 
magnitude 


-k- 


L o { L + L o) 


with L = 10 cm and L 0 is assumed to be positive. We set this equal to zero, as required by 
the problem, and cancel k and g 3 . Thus, we obtain 


r2 


#2 


n (L+L 0 y 


= 0 


í \ 2 


L 0 


-3.0 //C 


+1.0 //C 


= 3.0 


which yields (after taking the square root) 


A, V3-1 V3-1 


«14cm 


for the distance between q 3 and q\. That is, q 3 should be placed at x = -14 cm along the 
jc-axis. 


(b) As stated above, y = 0. 


16. Since the forces involved are proportional to q, we see that the essential difference 
between the two situations is F a <x q B + q c (when those two charges are on the same side) 
versus Fi, °c -q B + qc (when they are on opposite sides). Setting up ratios, we have 

F a _ q B + q c 2.014 xl(T 23 N _ l + q c /q B 

F h ~-q B + q c ^ -2.877xl(T 24 N ~-\ + q c lq B ' 

After noting that the ratio on the left hand side is very close to - 7, then, after a couple of 
álgebra steps, we are led to 

& = Z±i = i = 1333. 
q B 7-1 6 


17. (a) The distance between q\ and q 2 is 

r 12 = yl{x 2 -x l ) 2 +(y 2 -y l ) 2 = ^(-0.020 m-0.035 m) 2 +(0.015 m-0.005 m) 2 = 0.056 m. 
The magnitude of the force exerted by q\ on q 2 is 


F 2!= k 2 


\q x q 2 1 (8.99xl0 9 N-m 2 /C 2 ) (3.0xlO~ 6 C) (4.0xlO~ 6 C) 


(0.056 m) 2 


= 35 N. 


(b) The vector F 2l is directed towards q\ and makes an angle 6*with the +x axis, where 


0 = tan 


yi-yi 


\ X 2 X \ J 


= tan 


1.5 cm -0.5 cm 
-2.0 cm-3.5 cm 


= -10.3°*-10 c 


(c) Let the third charge be located at (x^, ys), a distance r from q 2 . We note that q\, q 2 and 
q3 must be collinear; otherwise, an equilibrium position for any one of them would be 
impossible to find. Furthermore, we cannot place g 3 on the same side of q 2 where we also 
find q\, since in that region both forces (exerted on q 2 by g 3 and q\) would be in the same 
direction (since q 2 is attracted to both of them). Thus, in terms of the angle found in part 
(a), we have X3 = x 2 - r cos^and V3 = y 2 - r siné^which means V3 > y 2 since 64s negative). 
The magnitude of force exerted on q 2 by q^ is F 23 = k I q 2 q 3 l/r 2 , which must equal that of 
the force exerted on it by q\ (found in part (a)). Therefore, 


k — T- L = k- — — - 


r = r u |— =0.0645 m = 6.45 cm 


Consequently, jc 3 = x 2 - r cos0= -2.0 cm - (6.45 cm) cos(-10°) = -8.4 cm, 


(d) and V3 = yi - r sin6'= 1.5 cm - (6.45 cm) sin(-10°) = 2.7 cm. 


18. (a) For the net force to be in the +x direction, the y components of the individual 
forces must cancel. The angle of the force exerted by the q\ = 40 juC charge on 
q 3 = 20/uC is 45°, and the angle of force exerted on q 3 by Q is at -6 where 


f 


6 = tan 


2.0 cm 
3.0 cm 


= 33.7°. 


Therefore, cancellation of y components requires 
^ -sin45° = *- 


-siné? 


(0.02V2 m) ^(0.030 m) 2 + (0.020 m) 2 ) 

from which we obtain \Q\ = 83 //C. Charge Q is "pulling" on so (since q 3 > 0) we 
conclude Q = -83 //C. 

(b) Now, we require that the x components cancel, and we note that in this case, the angle 
of force on g 3 exerted by Q is +6*(it is repulsive, and Q is positive- valued). Therefore, 


q x q 3 


-cos45° = fc- 


(0.02V2 m) (7(0.030 m) 2 +(0.020 m) 2 J 


-COS0 


from which we obtain Q = 55.2 /jC ~ 55 juC . 


19. (a) If the system of three charges is to be in equilibrium, the force on each charge 
must be zero. The third charge q^ must lie between the other two or else the forces acting 
on it due to the other charges would be in the same direction and q^ could not be in 
equilibrium. Suppose g 3 is at a distance x from q, and L - x from 4.00g. The force acting 
on it is then given by 


1 


4ns n 


qq 3 4qq 3 


(L-xf 


where the positive direction is rightward. We require F3 = 0 and solve for x. Canceling 

2 2 

common factors yields l/x = 4/(L - x) and taking the square root yields l/x = 2/(L - x). 
The solution is x = L/3. With L = 9.00 cm, we have x = 3.00 cm. 


(b) Similarly, the y coordinate of qi is y = 0. 

(c) The force on q is 


F 


-1 


4ns n 


qq 3 4.00q 


2^ 


X 


The signs are chosen so that a negative force value would cause q to move leftward. We 
require F q = 0 and solve for g 3 : 

4< 7* 2 4 % 4 A A A A 

q,= ^— = q => — = = -0.444 

L 9 q 9 

where x = L/3 is used. Note that we may easily verify that the force on 4.00q also 
vanishes: 


4ns n 


í , A 
*q | 4 Wo 


V 


47t£'n 


V + 4(-4/9) 9 


2^ 


(4/9) Ú 


í A _2 


4ç 2 4<? 


2^ 


v L y 


= 0. 


20. (a) We note that cos(30°) = |^/3 , so that the dashed line distance in the figure is 

r = 2d I V3 . We net force on q x due to the two charges ^3 and q\ (with = \q& = 1 .60 x 
IO" 19 C) on the y axis has magnitude 



This must be set equal to the magnitude of the force exerted on q x by q 2 = 8.00 x 10 C 
= 5.00 \q 3 \ in order that its net force be zero: 


Given d = 2.00 cm, this then leads to D = 1.92 cm. 

(b) As the angle decreases, its cosine increases, resulting in a larger contribution from the 
charges on the y axis. To offset this, the force exerted by q 2 must be made stronger, so 
that it must be brought closer to q\ (keep in mind that Coulomb' s law is inversely 
proportional to distance- squared). Thus, D must be decreased. 



21. If 6*is the angle between the force and the x-axis, then 


COS d = r"2 ^ . 

•\/x + a 

We note that, due to the symmetry in the problem, there is no y component to the net 
force on the third particle. Thus, F represents the magnitude of force exerted by q\ or qi 
on Let e = +1.60 x IO 19 C, then q\ = q 2 = +2e and <?3 = 4.0e and we have 

2(2e)(4e) x 4e 2 x 

r n et = Ir COStf = . / 2 . »2x n 2 = /- 2 , .2^3/2 . 

47ts 0 (x + d ) + d tc£o (x + d ) 

(a) To find where the force is at an extremum, we can set the derivative of this expression 
equal to zero and solve for x, but it is good in any case to graph the function for a fuller 
understanding of its behavior - and as a quick way to see whether an extremum point is a 
maximum or a miminum. In this way, we find that the value coming from the derivative 
procedure is a maximum (and will be presented in part (b)) and that the minimum is 
found at the lower limit of the interval. Thus, the net force is found to be zero at x = 0, 
which is the smallest value of the net force in the interval 5.0 m > x > 0. 

(b) The maximum is found to be at x = d/^2 or roughly 12 cm. 

(c) The value of the net force at x = 0 is F net = 0. 

(d) The value of the net force at x = d/y[2 is F net = 4.9 x IO 26 N. 


22. We note that the problem is examining the force on charge A, so that the respective 
distances (involved in the Coulomb force expressions) between B and A, and between C 
and A, do not change as particle B is moved along its circular path. We focus on the 
endpoints (6 = 0 o and 180°) of each graph, since they represent cases where the forces (on 
A) due to B and C are either parallel or antiparallel (yielding maximum or minimum force 
magnitudes, respectively). We note, too, that since Coulomb's law is inversely 
proportional to r 2 then the (if, say, the charges were ali the same) force due to C would be 
one-fourth as big as that due to B (since C is twice as far away from A). The charges, it 
turns out, are not the same, so there is also a factor of the charge ratio £, (the charge of C 
divided by the charge of B), as well as the aforementioned Vi factor. That is, the force 
exerted by C is, by Coulomb' s law equal to ± í Át s multiplied by the force exerted by B. 

(a) The maximum force is 2F 0 and occurs when 6= 180° (B is to the left of A, while C is 
the right of A). We choose the minus sign and write 

2F 0 = (l- 1 /^)Fo => Ç = -4. 

One way to think of the minus sign choice is cos(180°) = -1. This is certainly consistent 
with the minimum force ratio (zero) at 6 = 0 o since that would also imply 

0=1 + '/^ => \ = - 4 . 

(b) The ratio of maximum to minimum forces is 1.25/0.75 = 5/3 in this case, which 
implies 

3 = l-i/ 4 ^ => ^= 16 - 

Of course, this could also be figured as illustrated in part (a), looking at the maximum 
force ratio by itself and solving, or looking at the minimum force ratio (%) at 9 = 180° 
and solving for 


2 

23. The charge dq within a thin shell of thickness dr is dq = pdV = pAdr where A = 4nr . 
Thus, with p = b/r, we have 

q = jdq = 4nbp rdr = 2nb (r 2 2 - r? ) . 
With & = 3.0 //C/m 2 , r 2 = 0.06 m and r x = 0.04 m, we obtain q = 0.038 juC = 3.8 x 10 8 C. 


24. The magnitude of the force is 


F = k^ = 
r 


8.99 x 10 


N-m 


2 \ 


V 


(1.60 x ícr 19 c) 2 


(2.82 x IO -10 m) 


= 2.89xlO~ 9 N. 


25. (a) The magnitude of the force between the (positive) ions is given by 

F= ísM. =k ú 

4K£ 0 r 2 r 2 

where q is the charge on either of them and r is the distance between them. We solve for 
the charge: 

q = rJÈ = (5.0 x 10 10 m)J 37 ^ ^ZI = 3.2 x IO 19 C. 
\k V ^8.99xl0 9 N-m 2 /C 2 

(b) Let n be the number of electrons missing from each ion. Then, ne = q, or 

q 3.2xlO~ 9 C „ 
n = — = - Q — = 2. 

e 1.6xlO" 19 C 


26. Keeping in mind that an Ampere is a Coulomb per second (1 A = 1 C/s), and that a 
minute is 60 seconds, the charge (in absolute value) that passes through the chest is 

I q I = ( 0.300 C/s ) ( 120 s ) = 36.0 C . 

This charge consists of n electrons (each of which has an absolute value of charge equal 
to é). Thus, 


27. Eq. 21-11 (in absolute value) gives 


n = — = 


1.0x10 7 C 
1.6xl0 19 C 


= 6.3x10' 


28. (a) Eq. 21-1 gives 


,2 


(8.99 x IO 9 N • m 2 /C 2 Yl.00 x 1(T 16 C) 

F = '-^— 2 = 8.99 x 10 ~ 19 N . 

(1.00 x IO" 2 m) 

(b) If n is the number of excess electrons (of charge -e each) on each drop then 

q -1.00 x IO" 16 C „_ 

n = = tz — = 625 . 

e 1.60 x 10 -19 C 


29. The unit Ampere is discussed in §21-4. The proton flux is given as 1500 protons per 
square meter per second, where each proton provides a charge of q = +e. The current 
through the spherical area 4tt R' = 4n (6.37 x 10° m) z = 5.1 x 10'* iri would be 

i = (5.1 x I0 14 m 2 )(^1500^^j(l.6 x IO 19 C/proton) = 0.122 A . 


30. Since the graph crosses zero, q x must be positive-valued: q x = +8.00. We note that it 
crosses zero at r = 0.40 m. Now the asymptotic value of the force yields the magnitude 
and sign of q 2 : 

~r 2 = F => q 2 = ; r = 2.086 x 10 C = I3e . 

4m Q r * y kqi J 


31. The volume of 250 cm corresponds to a mass of 250 g since the density of water is 
1.0 g/cm . This mass corresponds to 250/18 = 14 moles since the molar mass of water is 
18. There are ten protons (each with charge q = +<?) in each molecule of H 2 0, so 


g = 14^V A(? = 14(6.02xl0 23 ) (10) (1.60x10 19 C) = 1.3xl0 7 C. 


32. (a) Let x be the distance between particle 1 and particle 3. Thus, the distance between 
particle 3 and particle 2 is L - x. Both particles exert leftward forces on q 3 (so long as it is 
on the line between them), so the magnitude of the net force on q 3 is 

F net - IF 13 I + IF 23 I - 4n£oX 2 + 4n£o(L _ x) 2 - n£o P + (L-^) 2 J 

with the values of the charges (stated in the problem) plugged in. Finding the value of x 
which minimizes this expression leads to x = l A L. Thus, x = 2.00 cm. 

(b) Substituting x = l Á L back into the expression for the net force magnitude and using 
the standard value for e leads to F net = 9.21 x 10 N. 


33. (a) We note that tan(30°) = l/-\/3 . In the initial (highly symmetrical) configuration, 
the net force on the central bead is in the -y direction and has magnitude 3F where F is 
the Coulomb' s law force of one bead on another at distance d = 10 cm. This is due to the 
fact that the forces exerted on the central bead (in the initial situation) by the beads on the 
x axis cancel each other; also, the force exerted "downward" by bead 4 on the central 
bead is four times larger than the "upward" force exerted by bead 2. This net force along 
the y axis does not change as bead 1 is now moved, though there is now a nonzero x- 
component F x . The components are now related by 

tan(30°) = f y => j= 3 = § 

which implies F x = yfe F. Now, bead 3 exerts a "leftward" force of magnitude F on the 
central bead, while bead 1 exerts a "rightward" force of magnitude F'. Therefore, 

F'-F = ^[3F. => F' = (-s/3 + 1) F . 

The fact that Coulomb' s law depends inversely on distance- squared then implies 

2 d d 10 cm 10 cm 
r = —f= 7 => r = I ,- = , = = 6.05 cm 

where r is the distance between bead 1 and the central bead. This corresponds to 
x = -6.05 cm . 

(b) To regain the condition of high symmetry (in particular, the cancellation of x- 
components) bead 3 must be moved closer to the central bead so that it, too, is the 
distance r (as calculated in part(a)) away from it. 


34. Let d be the vertical distance from the coordinate origin to qi = -q and q\ = -q on the 
+y axis, where the symbol q is assumed to be a positive value. Similarly, d is the 
(positive) distance from the origin g 4 = - on the —y axis. If we take each angle 0 in the 
figure to be positive, then we have tané?= d/R and cos 6= R/r (where r is the dashed line 
distance shown in the figure). The problem asks us to consider Oto be a variable in the 
sense that, once the charges on the x axis are fixed in place (which determines R), d can 
then be arranged to some multiple of R, since d = R tan&. The aim of this exploration is 
to show that if q is bounded then 0 (and thus d) is also bounded. 

From symmetry, we see that there is no net force in the vertical direction on q2 = -e 
sitting at a distance R to the left of the coordinate origin. We note that the net x force 
caused by <?3 and qA, on the y axis will have a magnitude equal to 


qe 


-cos 6 = 


IqecosO Iqecos 3 0 


4tts o (R/cos0) 2 


4tts 0 R 2 


Consequently, to achieve a zero net force along the x axis, the above expression must 
equal the magnitude of the repulsive force exerted on q 2 by q\ = -e. Thus, 


2gecos 3 6 


47rs 0 R 4ns Q R 


2cos 3 # 


Below we plot q/e as a function of the angle (in degrees): 



I I I I | I I I I | I I I I | ! I I I 1 í I I I | I I I I | I I I I | 0 

0 10 20 30 40 50 60 70 


The graph suggests that q/e < 5 for 6< 60°, roughly. We can be more precise by solving 
the above equation. The requirement that q<5e leads to 


2cos 3 # 


<5e 


1 


(10) 


1/3 


< cosé? 


which yields 0 < 62.34°. The problem asks for "physically possible values," and it is 
reasonable to suppose that only positive-integer-multiple values of e are allowed for q. If 
we let q = ne, for n = 1 ... 5, then 6 N will be found by taking the inverse cosine of the 
cube root of (l/2n). 


(a) The smallest value of angle is 0\ = 37.5° (or 0.654 rad). 

(b) The second smallest value of angle is 62 = 50.95° (or 0.889 rad). 

(c) The third smallest value of angle is 0 3 = 56.6° (or 0.988 rad). 


35. (a) Every cesium ion at a corner of the cube exerts a force of the same magnitude on 
the chlorine ion at the cube center. Each force is a force of attraction and is directed 
toward the cesium ion that exerts it, along the body diagonal of the cube. We can pair 
every cesium ion with another, diametrically positioned at the opposite corner of the cube. 
Since the two ions in such a pair exert forces that have the same magnitude but are 
oppositely directed, the two forces sum to zero and, since every cesium ion can be paired 
in this way, the total force on the chlorine ion is zero. 

(b) Rather than remove a cesium ion, we superpose charge -e at the position of one 
cesium ion. This neutralizes the ion, and as far as the electrical force on the chlorine ion 
is concerned, it is equivalent to removing the ion. The forces of the eight cesium ions at 
the cube corners sum to zero, so the only force on the chlorine ion is the force of the 
added charge. 

The length of a body diagonal of a cube is ^Í3a , where a is the length of a cube edge. 


Thus, the distance from the center of the cube to a corner is d = N3/2)a . The force has 



magnitude 



= 1.9xl(T 9 N. 


Since both the added charge and the chlorine ion are negative, the force is one of 
repulsion. The chlorine ion is pushed away from the site of the missing cesium ion. 


36. (a) Since the proton is positively charged, the emitted particle must be a positron 
(as opposed to the negatively charged electron) in accordance with the law of charge 
conservation. 

(b) In this case, the initial state had zero charge (the neutron is neutral), so the sum of 
charges in the final state must be zero. Since there is a proton in the final state, there 
should also be an electron (as opposed to a positron) so that = 0. 


37. None of the reactions given include a beta decay, so the number of protons, the 
number of neutrons, and the number of electrons are each conserved. Atomic numbers 
(numbers of protons and numbers of electrons) and molar masses (combined numbers of 
protons and neutrons) can be found in Appendix F of the text. 

(a) J H has 1 proton, 1 electron, and 0 neutrons and 9 Be has 4 protons, 4 electrons, and 9 - 
4 = 5 neutrons, so X has 1+4 = 5 protons, 1+4 = 5 electrons, and 0 + 5-1=4 neutrons. 
One of the neutrons is freed in the reaction. X must be boron with a molar mass of 5 + 4 
= 9g/mol: 9 B. 

12 1 

(b) C has 6 protons, 6 electrons, and 12-6 = 6 neutrons and H has 1 proton, 1 electron, 
and 0 neutrons, so X has 6+1 = 7 protons, 6 + 1=7 electrons, and 6 + 0 = 6 neutrons. It 
must be nitrogen with a molar mass of 7 + 6 = 13 g/mol: N. 

(c) 15 N has 7 protons, 7 electrons, and 15 - 7 = 8 neutrons; l H has 1 proton, 1 electron, 
and 0 neutrons; and 4 He has 2 protons, 2 electrons, and 4-2 = 2 neutrons; so X has 7 + 
1-2 = 6 protons, 6 electrons, and 8 + 0-2 = 6 neutrons. It must be carbon with a molar 
massof 6 + 6 = 12: 12 C. 


38. Let F n denotes the force on q\ exerted by_ qi and F 12 be its magnitude. 

(a) We consider the net force on q\. F u points in the +x direction since q\ is attracted to 

q2- F n andF 14 both point in the -x direction since q\ is repelled by g 3 and q<\. Thus, using 
d = 0.0200 m, the net force is 

r? r? r? r? 2é* I £ I (2e)(e) (2e)(4e) _ll e 2 


1 12 13 14 47T£ Q d 2 Ans^ldf 4xs 0 (3d) 2 lS4xe 0 d 2 

11 Í8.99xl0 9 N-m 2 /C 2 )(l.60xlO" 19 C) 2 

=— ^ L ^ = 3.52xl0- 25 N 

18 (2.00xl0 2 m) 

or F 1= (3.52xl0- 25 N)i. 

(b) We now consider the net force on q 2 . We note that F 21 = -F u points in the -x 
direction, and F 23 and F 2A both point in the +x direction. The net force is 


F +F - F - 4g| - gl | 2g| - gl -Q 

24 21 4xs 0 (2d) 2 4xs 0 d 2 4xs 0 d 2 


39. If 6> is the angle between the force and the x axis, then 

■ydi + ã2 

Thus, using Coulomb' s law for F, we have 

F x = F cos0 = qx f 2 fT^ ^Tf = 1-31 x 1(T 22 N 

4ne 0 (di + d 2 )yjdi + d 2 


40. For the Coulomb force to be sufficient for circular motion at that distance (where r = 
0.200 m and the a< 
equality is required: 


2 

0.200 m and the acceleration needed for circular motion is a = v Ir) the following 


Qq mv 2 


4ne 0 r 


With q = 4.00 x 10~ 6 C, m = 0.000800 kg, v = 50.0 m/s, this leads to 

4^ 0 rmv 2 _ (0.200 m)(8.00xlQ- 4 kg)(50.0 m/s) 2 _ { UxlQ ^ c 
q (8.99xl0 9 N-m 2 /C 2 )(4.00xl0" 6 C) 


41. The charge dq within a thin section of the rod (of thickness dx) is p A dx where 
A = 4. 00x10 4 m 2 and p is the charge per unit volume. The number of (excess) electrons 
in the rod (of length L = 2.00 m) is n = ql(-é) where e is given in Eq. 21-12. 


(a) In the case where p = - 4.00 x 10 C/m , we have 


,_ 9 _P A [' /U .Jp\ AL _ 


n = ^- = ^—\ dx = -^ =2.00x10' 

-e -e Jo e 


(b) With p = bx 2 (b = -2.00 x IO" 6 C/m 5 ) we obtain 


bA ( L \b\AL 3 , „ 1Al0 

n = x dx = ' 

-e J() 3e 


= 1.33x10 . 


42. Let qi be the charge of one part and q 2 that of the other part; thus, qi + q 2 = Q = 6.0 uC. 
The repulsive force between them is given by Coulomb 's law: 


47rs 0 r 2 4xs 0 r 2 

If we maximize this expression by taking the derivative with respect to q\ and setting 
equal to zero, we find q\ = Q/2 , which might have been anticipated (based on symmetry 
arguments). This implies q 2 = Q/2 also. With r = 0.0030 m and Q = 6.0 x 10~ 6 C, we find 


_ (QI2)(QI2) _\ Q 2 1 (8.99xl0 9 N-m 2 /C 2 )(6.0xlQ- 6 c) 2 
Axs () r 2 4 4xs 0 r 2 4 (3.00xl0" 3 m) 2 


43. There are two protons (each with charge q = +e) in each molecule, so 

Q = N A q = (6.02 x IO 23 ) (2) (l.60 x 10 19 C) = 1.9 x IO 5 C = 0. 19 MC . 


44. (a) Since the rod is in equilibrium, the net force acting on it is zero, and the net torque 
about any point is also zero. We write an expression for the net torque about the bearing, 
equate it to zero, and solve for x. The charge Q on the left exerts an upward force of 
magnitude (l/47USo) (qQ/h 2 ), at a distance L/2 from the bearing. We take the torque to be 
negative. The attached weight exerts a downward force of magnitude W, at a distance 
x-L/2 from the bearing. This torque is also negative. The charge Q on the right exerts 
an upward force of magnitude (l/47USo) (2qQ/h ), at a distance L/2 from the bearing. This 
torque is positive. The equation for rotational equilibrium is 


-1 qQL 
4ns 0 h 2 2 


-W 


x- 


4ns 0 h 2 


The solution for x is 


L 


x = ■ 


1 + 


1 qQ 
4ks 0 h 2 W 


(b) If Fn is the magnitude of the upward force exerted by the bearing, then Newton' s 
second law (with zero acceleration) gives 


W — 


1 qQ 1 


4ks q h 


4ne Q h 


=0 

2 N u - 


We solve for h so that F N = 0. The result is 


\4ne Q W 


45. Coulomb' s law gives 

F _ \q\ 2 _ fc( e /3) 2 _ (8.99xl0 9 N-m 2 /C 2 )(1.60xl0" ) C) 2 _ 3 
~4ns Q r 2 ~ r 2 ~ 9(2.6 x 1(T 15 m) 2 


46. (a) Since q A = -2.00 nC and q c = +8.00 nC Eq. 21-4 leads to 


I q A q c I _ I (8.99 x 10 9 N • m 2 /C 2 )(-2.00xlO~ 9 C)(8.00xl0~ 9 C) I 


AC 


Ans^d 1 


(0.200 m) 2 


= 3.60xlO~ 6 N. 


(b) After making contact with each other, both A and B have a charge of 


<1a+<1b 


-2.00 + (-4.00) 


nC = -3.00 nC. 


When B is grounded its charge is zero. After making contact with C, which has a charge 
of +8.00 nC, B acquires a charge of [0 + (-8.00 nC)]/2 = -4.00 nC, which charge C has as 
well. Finally, we have Q A = -3.00 nC and Q B = Qc = -4.00 nC. Therefore, 


_ \q A q c \ _l(8.99xl0 9 N-m 2 /C 2 )(-3.00xl0- 9 C)(-4.00xlQ- 9 C)| _ 


AC 


47TS 0 d 


(0.200 m) 2 


2.70 x IO" 6 N 


(c) We also obtain 


,j? ,_ IgggcJ _ l(8.99xl0 9 N-m 2 /C 2 )(-4.00xl0- 9 C)(-4.00xlQ- 9 C)| _ 3 60 ^ l() _ 6N 

BC 


(0.200 m)' 


47. (a) Using Coulomb' s law, we obtain 

aa ka 2 Í8.99xl0 9 N-m 2 /C 2 Wl.OOC) 2 
47t£ 0 r 2 r 2 (l.OOm) 

(b) If r = 1000 m, then 


aa ka 2 (8.99 x IO 9 N-m 2 /C 2 ) (l.OOC) 
F= _ M ^_ = kq_ = \ L = 8 . 99x io 3 N. 

4K£ o r r (l.00xl0 3 m) 


48. In experiment 1, sphere C first touches sphere A, and they divided up their total 
charge (Q/2 plus Q) equally between them. Thus, sphere A and sphere C each acquired 
charge 3Q/4. Then, sphere C touches B and those spheres split up their total charge (36/4 
plus -Q/4) so that B ends up with charge equal to Q/4. The force of repulsion between A 
and B is therefore 


at the end of experiment 1. Now, in experiment 2, sphere C first touches B which leaves 
each of them with charge Q/S. When C next touches A, sphere A is left with charge 9Q/16. 
Consequently, the force of repulsion between A and B is 


E =k 


(3Q/ 4)(Q/ 4) 

d 2 


F 2 =k 


(96/16)02/8) 

d 2 


at the end of experiment 2. The ratio is 


F 2 _ (9/16)(l/8) 
Y x ~ (3/4)(l/4) 


= 0.375. 


49. If the relative difference between the proton and electron charges (in absolute value) 
were 



= 0.0000010 


e 


then the actual difference would be q p - \q e \ = 1.6 x 10 C . Amplified by a factor of 29 x 

22 

3x10 as indicated in the problem, this amounts to a deviation from perfect neutrality of 

Aq = (29 x 3 x 10 22 )(l.6 x IO" 25 C) = 0.14 C 

in a copper penny. Two such pennies, at r = 1.0 m, would therefore experience a very 
large force. Eq. 21-1 gives 

r 


2 2 

50. Letting kq Ir = mg, we get 


k (tcn in-»^ 8.99x10^ N-mVC 2 
r = o =1.60x10 C t — r-7 — — T =0.119m. 

V^S v ; V (1.67 x IO" 27 kg) (9.8 m/s 2 ) 


51. The two charges are q = aQ (where a is a pure number presumably less than 1 and 
greater than zero) and Q - q = (1 - á)Q. Thus, Eq. 21-4 gives 


1 (aQ)((l-a)Q) _Q 2 a(\-a) 


4ns tl 


4ns 0 d' 


The graph below, of F versus a, has been scaled so that the maximum is 1. In actuality, 

2 2 

the maximum value of the force is ^ ma x = 



(a) It is clear that a = ~ =0.5 gives the maximum value of F. 

(b) Seeking the half-height points on the graph is difficult without grid lines or some of 
the special tracing features found in a variety of modern calculators. It is not difficult to 
algebraically solve for the half-height points (this involves the use of the quadratic 
formula). The results are 


1 


a, =■ 


1 


«0.15 and a 2 = 


1 


1 + 


1 


-0.85. 


Thus, the smaller value of «is a l = 0.15 . 


(c) and the larger value of a is a 2 = 0.85 . 


52. (a) Eq. 21-11 (in absolute value) gives 

lai 2.00 x IO" 6 C 


n = 


1.60x10 19 C 


= 1.25xl0 13 electrons. 


(b) Since you have the excess electrons (and electrons are lighter and more mobile than 
protons) then the electrons "leap" from you to the faucet instead of protons moving from 
the faucet to you (in the process of neutralizing your body). 

(c) Unlike charges attract, and the faucet (which is grounded and is able to gain or lose 
any number of electrons due to its contact with Earth's large reservoir of mobile charges) 
becomes positively charged, especially in the region closest to your (negatively charged) 
hand, just before the spark. 

(d) The cat is positively charged (before the spark), and by the reasoning given in part (b) 
the flow of charge (electrons) is from the faucet to the cat. 

(e) If we think of the nose as a conducting sphere, then the side of the sphere closest to 
the fur is of one sign (of charge) and the side furthest from the fur is of the opposite sign 
(which, additionally, is oppositely charged from your bare hand which had stroked the 
cat's fur). The charges in your hand and those of the furthest side of the "sphere" 
therefore attract each other, and when close enough, manage to neutralize (due to the 
"jump" made by the electrons) in a painful spark. 


53. (a) The magnitudes of the gravitational and electrical forces must be the same: 


1 q 2 mM 

T ~ — T~ 

4ns 0 r r 

where q is the charge on either body, r is the center-to-center separation of Earth and 
Moon, G is the universal gravitational constant, M is the mass of Earth, and m is the mass 
of the Moon. We solve for q: 

q = ^Ans^GniM. 


94 99 

According to Appendix C of the text, M = 5.98 x 10 kg, and m = 7.36 x 10 kg, so 
(using 47T£o = l/k) the charge is 


(6.67 x IO" 11 N •m 2 /kg 2 )(7.36 x IO 22 kg) (5.98 x IO 24 kg) n 
Q = 1 1 õ t~~í õ = 5.7 x 1 0 C . 

8.99xl0 9 N-m 2 /C 2 


(b) The distance r cancels because both the electric and gravitational forces are 
proportional to l/r 2 . 

(c) The charge on a hydrogen ion is e = 1.60 x 10~ 19 C, so there must be 

q 5.7xlQ 13 C 32 . 

n = — = — = 3.6x10 íons. 

e 1.6xlO" 19 C 


Each ion has a mass of m i = 1.67 x 10 kg, so the total mass needed is 


m = nm i = (3.6xl0 32 )(l.67 xlO" 27 kg) = 6.0 x IO 5 kg. 


54. (a) A force diagram for one of the balis is shown on the right. 
The force of gravity mg acts downward, the electrical force F e of 
the other bali acts to the left, and the tension in the thread acts along 
the thread, at the angle 0 to the vertical. The bali is in equilibrium, 
so its acceleration is zero. The y component of Newton' s second 
law yields T cosd- mg = 0 and the x component yields T úr\6- F e 
= 0. We solve the first equation for T and obtain T = mg/cos 0. We 
substitute the result into the second to obtain mg tan0-F e = 0. 

Examination of the geometry of Figure 21-42 leads to 

x/2 


tan0 = 



X 


If L is much larger than x (which is the case if é?is very small), we may neglect x/2 in the 
denominator and write tan0» xl2L. This is equivalent to approximating tan#by siné?. The 
magnitude of the electrical force of one bali on the other is 


F. =■ 


4ns Q x 


by Eq. 21-4. When these two expressions are used in the equation mg tané? = F e , we 
obtain 

> X» 


mgx 


1 4 2 


2L 4ns n x 


2ns 0 mg 


(b) We solve x 3 = 2kq 2 L/mg for the charge (using Eq. 21-5): 


(0-010kg)(9.8m/s 2 )(0.050m) 3 _ + 2 ^ io _ 8c 
V 2kL V2(8.99xl0 9 N-m 2 /C 2 )(l.20m) 


Thus, the magnitude is I g 1= 2.4 x 10 C. 


55. (a) If one of them is discharged, there would no electrostatic repulsion between the 
two balis and they would both come to the position 0=0, making contact with each other. 

(b) A redistribution of the remaining charge would then occur, with each of the balis 
getting q/2. Then they would again be separated due to electrostatic repulsion, which 
results in the new equilibrium separation 


x = 


f 



x= — 


C 



(5.0 cm) = 3.1 cm. 


2ns 0 mg 


56. Regarding the forces on q 3 exerted by q\ and q2, one must "push" and the other must 
"pull" in order that the net force is zero; hence, q\ and qi have opposite signs. For 
individual forces to cancel, their magnitudes must be equal: 

I q l II q 3 I _ I q 2 II q 3 I 

(L[ 2 +L 2 3) (^23) 

With L 23 =2.00L[ 2 , the above expression simplifies to 1^1 = ^2] Therefore, 
q i = -9q 2 1 4 , or ^/<? 2 =-2.25. 


57. The mass of an electron is m = 9.11 x 10 kg, so the number of electrons in a 
collection with total mass M = 75.0 kg is 


n = — = 15 -° k l = 8.23 x 10 31 electrons . 
m 9.11xl0~ 31 kg 

The total charge of the collection is 

q = - ne = -(8.23xl0 31 )(l.60xl0~ 19 C) = -1.32xl0 13 C. 


58. We note that, as result of the fact that the Coulomb force is inversely proportional to 
r , a particle of charge Q which is distance d from the origin will exert a force on some 
charge q 0 at the origin of equal strength as a particle of charge 4Q at distance 2d would 
exert on q Q . Therefore, qç, = +8e on the -y axis could be replaced with a +2e closer to the 
origin (at half the distance); this would add to the q 5 = +2e already there and produce +4e 
below the origin which exactly cancels the force due to qi = +4e above the origin. 

Similarly, q 4 = +4e to the far right could be replaced by a +e at half the distance, which 
would add to g 3 = +e already there to produce a +2e at distance d to the right of the 
central charge q 7 . The horizontal force due to this +2e is cancelled exactly by that of q\ = 
+2e on the -x axis, so that the net force on q 7 is zero. 


59. (a) Charge Q\ = +80 x 10 9 C is on the y axis at y = 0.003 m, and charge 
Q 2 = +80xlO~ 9 C is on the y axis at y = -0.003 m. The force on particle 3 (which has a 
charge of q = +18 x 10~ 9 C) is due to the vector sum of the repulsive forces from gi and 
Qi. In symbols, F 3l +F 32 =F 3 , where 

r 3 1 r 3 2 

Using the Pythagorean theorem, we have r 3 i = r 32 = 0.005 m. In magnitude- angle 
notation (particularly convenient if one uses a vector-capable calculator in polar mode), 
the indicated vector addition becomes 

F 3 =(0.518Z-37°) + (0.518Z37°) = (0.829Z0°) . 
Therefore, the net force is F 3 =(0.829 N)i . 

(b) Switching the sign of Q2 amounts to reversing the direction of its force on q. 
Consequently, we have 

F 3 =(0.518Z-37°) + (0.518Z-143°) = (0.621Z-90°) . 
Therefore, the net force is F 3 =-(0.621 N)j . 


60. The individual force magnitudes are found using Eq. 21-1, with SI units (so 
<3=0.02 m) and k as in Eq. 21-5. We use magnitude-angle notation (convenient if one 
uses a vector-capable calculator in polar mode), listing the forces due to +4.00q, +2.00g, 
and -2.00g charges: 

(4.60 x IO" 24 Z 180°) + (2.30 x IO" 24 Z - 90°) + (l.02 x IO" 24 Z - 145°) = (6.16 x IO" 24 Z - 152°) 

—24 

(a) Therefore, the net force has magnitude 6.16 x 10 N. 

(b) The direction of the net force is at an angle of -152° (or 208° measured 
counterclockwise from the +x axis). 


61. The magnitude of the net force on the q = 42 x 10 C charge is 

0.28 2 0.44 2 

where q x = 30 x IO" 9 C and l^ 2 l = 40 x 10" 9 C. This yields 0.22 N. Using Newton' s 
second law, we obtain 


62. For the net force on q x = +Q to vanish, the x force component due to q 2 = q must 
exactly cancel the force of attraction caused by q\ = -2Q. Consequently, 

-gg-= gl2g ' cos45°= Ql 
4xs a a 2 47T£ 0 (yÍ2a) 2 Ans {) ^2a 2 

orq = Q/sfi. This implies that qlQ = ll4l= 0.707. 


63. We are looking for a charge q which, when placed at the origin, experiences F net = 0, 
where 

F = F + F + F 

J net 1 \ ^ 1 2^ 1 1- 

The magnitude of these individual forces are given by Coulomb's law, Eq. 21-1, and 
without loss of generality we assume q > 0. The charges q\ (+6 //C), qi (-4 //C), and g 3 
(unknown), are located on the +x axis, so that we know F l points towards -x, F 2 points 

towards +x, and F 3 points towards -x if g 3 > 0 and points towards +x if q 3 < 0. Therefore, 
with ri = 8 m, r2 = 16 m and r 3 = 24 m, we have 

r x r 2 r 3 

Simplifying, this becomes 

8 2 16 2 24 2 


where q?, is now understood to be in /jC. Thus, we obtain g 3 = -45 /jC. 


64. Charge q\ = -80 x 10 6 C is at the origin, and charge q 2 = +40 x 10 6 C is at x = 0.20 


m. The force on q 3 = +20 x 10 6 C is due to the attractive and repulsive forces from q\ 
and q 2 , respectively. In symbols, F 3 net = F 31 + F 32 , where 


31 


= k 


ggjgi] 

2 

>31 


IF„ I = k 


q 3 q 2 


'32 


(a) In this case r 3 i = 0.40 m and r 3 2 = 0.20 m, with F 31 directed towards -x and F 32 
directed in the +x direction. Using the value of k in Eq. 21-5, we obtain 


^3 net 


31 


i+\F 32 li = 


-k 


>31 


'3 2 




\ 

Í=^ 3 


q 2 
"V 

y 


'3 2 ) 


= (8.99 x IO 9 N • m 2 /C 2 )(20x IO" 6 C) 
= (89.9 N)i . 


80xlO" 6 C +40xlO~ 6 C A 
■+- 


(0.40m) 2 


(0.20mT 


(b) In this case r 3 i = 0.80 m and r 32 = 0.60 m, with F 31 directed towards -x and F 32 
towards +x. Now we obtain 


F = 

1 3 net 


31 


i+IF 32 li = 


13^1 [ +k Mi 


'32 



( 


i = kq 3 

\q l 

q 2 

J 

v >£ 

'3 2 ) 


= (8.99 x IO 9 N • m 2 /C 2 )(20x IO" 6 C) 
= -(2.50 N)i . 


A -80xl0~ 6 C + 40xlO~ 6 C A 


(0.80m) 2 


(0.60m)' 


(c) Between the locations treated in parts (a) and (b), there must be one where F 3net =0. 


Writing r 3 i = x and r 32 = x - 0.20 m, we equate 
common f actor s, arrive at 

I q l I _ q 2 


3 1 


and 


32 


, and after canceling 


x 2 (x-0.20m) 


This can be further simplified to 


(x-0.20m) 2 _ q 2 _ 1 
? ~Vq^\~ 2' 

Taking the (positive) square root and solving, we obtain x = 0.683 m. If one takes the 
negative root and 'solves', one finds the location where the net force would be zero if q\ 
and q 2 were of like sign (which is not the case here). 


(d) From the above, we see that y = 0. 


65. We are concerned with the charges in the nucleus (not the "orbiting" electrons, if 
there are any). The nucleus of Helium has 2 protons and that of Thorium has 90. 


(a) Eq. 21-1 gives 

a 2 Í8.99xl0 9 N-m 2 /C 2 ) (2(1.60x10 ~ 19 C))(90(1.60xl(T 19 C)) 

F = kí T = - is 2 - = 5.1xl0 2 N. 

r 2 (9.0xl0 15 m) 2 

(b) Estimating the helium nucleus mass as that of 4 protons (actually, that of 2 protons 
and 2 neutrons, but the neutrons have approximately the same mass), Newton' s second 
law leads to 

F 5.1 x IO 2 N 


a = — = 


m 4(1.67 x 10~ 27 kg) 


= 7.7 x IO 28 m/s 2 


66. Let the two charges be q\ and q 2 . Then q\ + q 2 = Q = 5.0 x 10 5 C. We use Eq. 21-1: 


(8.99 x IO 9 N-mVC 2 ) qq 

1.0N = -^ 1 

(2.0m) 

We substitute qi = Q - q\ and solve for <7i using the quadratic formula. The two roots 
obtained are the values of q\ and q 2 , since it does not matter which is which. We get 
1.2 xlO -5 C and 3.8 x 10~ 5 C. Thus, the charge on the sphere with the smaller charge is 
1.2xl0~ 5 C. 


67. When sphere C touches sphere A, they divide up their total charge (Q/2 plus Q) 
equally between them. Thus, sphere A now has charge 3Q/4, and the magnitude of the 
force of attraction between A and B becomes 

(36/4X8/4) =4 68xl0 -„ N 

j2 


68. With F = m e g, Eq. 21-1 leads to 

2 ke 2 (8.99xl0 9 N-m 2 /C 2 ) (1.60x10 19 C) 2 
m e g (9.11xl0" 31 kg) (9.8m/s 2 ) 


which leads to y = ±5.1 m. We choose y = -5.1 msince the second electron must be 
below the first one, so that the repulsive force (acting on the first) is in the direction 
opposite to the pull of Earth's gravity. 


69. (a) If a (negative) charged particle is placed a distance x to the right of the +2q 
particle, then its attraction to the +2q particle will be exactly balanced by its repulsion 
from the -5q particle is we require 

5 _1_ 

(L + x) 2 ~ x 1 

which is obtained by equating the Coulomb force magnitudes and then canceling 
common factors. Cross-multiplying and taking the square root, we obtain 


L + x 


which can be rearranged to produce 


x = ^= — «1.72 L 
V2/5-1 


(b) The y coordinate of particle 3 is y = 0. 


70. The net charge carried by John whose mass is m is roughly 


^ = (0.0001) 


mN A Ze 
M 


-(0 0001) ( 90k gX 6 - 02xl ° 23 molecules/mol)(18 electron proton pairs/molecule)(1.6xlO~ 19 C) 

' ' 0.018 kg/mol 

= 8.7xl0 5 C, 

and the net charge carried by Mary is half of that. So the electrostatic force between them 
is estimated to be 


F*k 


g(g/2) 

d 2 


(8.99xl0 9 N-m 2 /C 2 ) 


(8.7xlQ 5 C) 2 
2(30m) 2 


«4xl0 18 N. 


Thus, the order of magnitude of the electrostatic force is 10 18 N . 


1. (a) We note that the electric field points leftward at both points. UsingF = q Q E , and 
orienting our x axis rightward (so i points right in the figure), we find 


which means the magnitude of the force on the proton is 6.4 x 10 N and its direction 
(-i) is leftward. 

(b) As the discussion in §22-2 makes clear, the field strength is proportional to the 
"crowdedness " of the field lines. It is seen that the lines are twice as crowded at A than at 
B, so we conclude that E A = 2E B . Thus, E B = 20 N/C. 



2. We note that the symbol qi_ is used in the problem statement to mean the absolute value 
of the negative charge which resides on the larger shell. The following sketch is for 
q 1 = q 2 . 



The following two sketches are for the cases q\ > q 2 (left figure) and q\<qi (right figure). 


3. Since the magnitude of the electric field produced by a point charge q is given by 
E=\q\l Axs a r 2 , where r is the distance from the charge to the point where the field has 
magnitude E, the magnitude of the charge is 


• 4ne 0 r E ■ 


(0.50m) 2 (2.0N/C) 
8.99xl0 9 N-m 2 /C 2 


= 5.6xl(T 11 C. 


2 

4. We find the charge magnitude \q\ from E = \q\/4nsor 


_ (1.00 N/C) (1. 00 m) 
8.99xl0 9 N-m 2 /C 2 


q = 4ns 0 Er - 


5. Since the charge is uniformly distributed throughout a sphere, the electric field at the 
surface is exactly the same as it would be if the charge were ali at the center. That is, the 
magnitude of the field is 



4ns n R 2 


where q is the magnitude of the total charge and R is the sphere radius. 
(a) The magnitude of the total charge is Ze, so 


E = 


Ze 



3.07 x IO 21 N/C. 


4ns Q R 2 


(6.64 x 1(T 15 m) 


(b) The field is normal to the surface and since the charge is positive, it points outward 
from the surface. 


6. With x\ = 6.00 cm and X2 = 21.00 cm, the point midway between the two charges is 
located at x = 13.5 cm. The values of the charge are q\ = -q2 = - 2.00 x IO 7 C, and the 
magnitudes and directions of the individual fields are given by: 

(3.196xl0 5 N/C)i 
(3.196xl0 5 N/C)i 
Thus, the net electric field is 

É net =É l + É 2 = -(6.39 x IO 5 N/C)í 


E 2 = 


47T£ Q (X-X l ) 
<h 

47T£ {) (X-X 2 ) 2 


1 =- 


1 =- 


(8.99xlQ 9 N-m7C 2 )l-2.00xlQ ' 7 CI ? 
(0.135 m-0.060 m) 2 

(8.99 x IO 9 N-m 2 /C 2 )(2.00xlO" 7 C) 


í = - 


(0.135 m-0.210m) 2 


-í = ■ 


7. At points between the charges, the individual electric fields are in the same direction 
and do not cancel. Since charge q 2 = - 4.00 q\ located at x 2 = 70 cm has a greater 
magnitude than q\ = 2. 1 x 10~ 8 C located at x\ = 20 cm, a point of zero field must be closer 
to q\ than to q 2 . It must be to the left of q\. 

Let x be the coordinate of P, the point where the field vanishes. Then, the total electric 
field at P is given by 


E = 


4x£ 0 [^(x-x 2 ) 2 {x-x x ) 2 


If the field is to vanish, then 


=> 


\q 2 \_(x-x 2 ) 2 


(x-x 2 ) 2 (x-x { ) 2 


\q x \ (x-x x ) 2 


Taking the square root of both sides, noting that \q 2 \l\q\\ = 4, we obtain 


jc-70 cm 


= ±2.0. 


x-20 cm 


Choosing -2.0 for consistency, the value of x is found to be x = 


-30 cm. 


8. (a) The individual magnitudes E x and E 2 are figured from Eq. 22-3, where the 

absolute value signs for q 2 are unnecessary since this charge is positive. Whether we add 
the magnitudes or subtract them depends on if E 1 is in the same, or opposite, direction as 
E 2 . At points left of q\ (on the -x axis) the fields point in opposite directions, but there is 


is everywhere bigger than 


in 


no possibility of cancellation (zero net field) since 

this region. In the region between the charges (0 < x < L) both fields point leftward and 
there is no possibility of cancellation. At points to the right of q 2 (where x > L), E l points 
leftward and E 2 points rightward so the net field in this range is 


4t=(i4i-i4i)i 


Although \q\\ > q 2 there is the possibility of E nel = 0 since these points are closer to q 2 
than to q\. Thus, we look for the zero net field point in the x > L region: 


which leads to 


\E 1 \ = \E 2 \ 


1 \q,\_ 1 


<?2 


4ne 0 x 2 4ns 0 {x-L) 


x-L 


x 



Thus, we obtain x = 


I-a/2/5 


:«2.72L. 


(b) A sketch of the field lines is shown in the figure below: 


9. The x component of the electric field at the center of the square is given by 


E = 


4ns n 


1^1 \q 2 \ 


\q 3 \ 


(al42) 2 (íí/V2) 2 (a/^2) 2 (a/^2) 2 


cos 45° 


1 1 


_(| ft | + | ía |-| ft |-| Í4 |)-£ 


= 0. 


Similarly, the y component of the electric field is 


E.= 


(í?/V2) 2 (aljlf (a/yÍ2) 2 (a/yÍ2) 2 


cos45 c 


(-lfcl + l? 2 \ + \q 3 \-\q 4 \) j 


4^ 0 a 12 


4~2 


(8.99xl0 9 N-m 2 /C 2 )(2.0xl0" 8 C) i 


(0.050 mr/ 2 


Vi' 


02xl0 5 N/C. 


Thus, the electric field at the center of the square is Ê = E y ] = (1.02x1 0 5 N/C)j. 


10. We place the origin of our coordinate system at point P and orient our y axis in the 
direction of the q^ = -I2q charge (passing through the g 3 = +3q charge). The x axis is 
perpendicular to the y axis, and thus passes through the identical q\ = qi = +5q charges. 
The individual magnitudes \E 1 \,\E 2 \,\E 3 \, and \E 4 \ are figured from Eq. 22-3, where the 
absolute value signs for q\, q 2 , and q 3 are unnecessary since those charges are positive 
(assuming q > 0). We note that the contribution from q\ cancels that of q 2 (that is, 

\E 1 \ = \E 2 \), and the net field (if there is any) should be along the y axis, with magnitude 
equal to 


E . — ■ 


1 

4ns n 


d 2 


j 


j 


i 

4ns, 


o V 


I2q 3q 

Ãd 1 d* 


J 


which is seen to be zero. A rough sketch of the field lines is shown below: 


11. (a) The vertical components of the individual fields (due to the two charges) cancel, 
by symmetry. Using d = 3.00 m and y = 4.00 m, the horizontal components (both pointing 
to the -x direction) add to give a magnitude of 

2\q\d _ 2(8.99 x 10 9 N-m 2 /C 2 )(3.20x IO 19 C)(3.00m) 
x ' net ~ 47rs () (d 2 + y 2 f 2 ~ ' [(3.00 m) 2 +(4.00 m) 2 f 2 

= 1.38 x1o -10 N/C . 

(b) The net electric field points in the -x direction, or 180° counterclockwise from the +x 
axis. 


12. For it to be possible for the net field to vanish at some x> 0, the two individual fields 
(caused by q x and q 2 ) must point in opposite directions for x> 0. Given their locations in 
the figure, we conclude they are therefore oppositely charged. Further, since the net field 
points more strongly leftward for the small positive x (where it is very close to q 2 ) then 
we conclude that q 2 is the negative-valued charge. Thus, q x is a positive-valued charge. 
We write each charge as a multiple of some positive number £, (not determined at this 
point). Since the problem states the absolute value of their ratio, and we have already 
inferred their signs, we have qi = 4í, and q 2 = Using Eq. 22-3 for the individual fields, 
we find 

_ 4£ Ç 
E net -E 1 + E 2 - 4n£o(L + x) 2 - 4n£oX 2 


for points along the positive x axis. Setting E mt = 0 at x = 20 cm (see graph) immediately 
leads to L = 20 cm. 


(a) If we differentiate E net with respect to x and set equal to zero (in order to find where it 
is maximum), we obtain (after some simplification) that location: 


x = 


2 3n; 1 3r- 1 


L = 1.70(20 cm) = 34 cm. 


We note that the result for part (a) does not depend on the particular value of 


(b) Now we are asked to set £, = 3e, where e = 1.60 x 10 C, and evaluate E net at the 

o 

value of x (converted to meters) found in part (a). The result is 2.2 x 10 N/C . 


13. By symmetry we see the contributions from the two charges q x = q 2 = +e cancel each 
other, and we simply use Eq. 22-3 to compute magnitude of the field due to q 3 = +2e. 

(a) The magnitude of the net electric field is 

\E |_ 1 2e _ 1 2e 1 4e 

net ~ 4ns 0 r 1 ~ 4tts 0 (a/yfl) 2 ~ 4xs 0 a 

= (8.99xl0 9 N-m 2 /C 2 ) 4 ( 1 - 60xl0 " 19c ) =160 N /C. 
7 (Ó.OOxIO- 6 m) 2 

(b) This field points at 45.0°, counterclockwise from the x axis. 


14. The field of each charge has magnitude 

E = ^ = k y = (8.99 x IO 9 N • m 2 /C 2 ) 1 - 60x 10 ~ 19c = 3 , 6 x io* N / C , 

r 2 (0.020 m) 2 (0.020 m) 2 

The directions are indicated in standard format below. We use the magnitude- angle 
notation (convenient if one is using a vector-capable calculator in polar mode) and write 
(starting with the proton on the left and moving around clockwise) the contributions to 
E mt as follows: 

(EZ - 20°) + (£Z130°) + (EZ - 100°) + (EZ - 150°) + (EZ0°). 
This yields (3.93 x IO" 6 Z -76.4°) , with the N/C unit understood. 

(a) The result above shows that the magnitude of the net electric field is 
1^ | =3.93x10 6 N/C. 

(b) Similarly, the direction of E net is -76.4° from the x axis. 


15. (a) The electron e c is a distance r = z = 0.020 m away. Thus, 

Ec= ^ = (8 - 99xl0 ' N - m2 / CÍ)( '- 60xl0 "* C) = 3.60xlO-'N/C. 
c Ans,/ (0.020 m) 2 


(b) The horizontal components of the individual fields (due to the two e s charges) cancel, 
and the vertical components add to give 

2ez _ 2(8.99 x 10 9 N-m 2 /C 2 )(l .6 x IO' 19 C)(0.020 m) 

snet ~ 4xs 0 (R 2 + z 2 ) 3 ' 2 ~ [(0.020 m) 2 +(0.020 m) 2 ] 3/2 

= 2.55 x IO" 6 N/C. 


(c) Calculation similar to that shown in part (a) now leads to a stronger field 
E c =3.60x10^ N/C from the central charge. 

(d) The field due to the side charges may be obtained from calculation similar to that 
shown in part (b). The result is E s , net = 7.09 x 10~ 7 N/C. 

(e) Since E c is inversely proportional to z , this is a simple result of the fact that z is now 
much smaller than in part (a). For the net effect due to the side charges, it is the 
"trigonometric factor" for the y component (here expressed as zA/r ) which shrinks 
almost linearly (as z decreases) for very small z, plus the fact that the x components 
cancel, which leads to the decreasing value of E S: net . 


16. The net field components along the x and y axes are 


q x q 2 cos0 q 2 ún0 
net ' x Atts.R 2 Atts.R 2 ' net ' y 4tts 0 R 2 ' 

The magnitude is the square root of the sum of the components-squared. Setting the 
magnitude equal to E = 2.00 x 10 5 N/C, squaring and simplifying, we obtain 


£ 2 = qf+qf-2 qi q 2 cos0 


2\2 


(4^ 0 * z ) 


With R = 0.500 m, q x = 2.00 x 10~ 6 C and q 2 = 6.00 x IO 6 C, we can solve this 
expression for cos 6 and then take the inverse cosine to find the angle: 


0 = cos" 1 


qf + qf-(47re () R 2 ) 2 E 2 
2q x q 2 


There are two answers. 


(a) The positive value of angle is 6= 67. 8 C 


(b) The positive value of angle is 6= 


-67.8°. 


17. We make the assumption that bead 2 is in the lower half of the circle, partly because 
it would be awkward for bead 1 to "slide through" bead 2 if it were in the path of bead 1 
(which is the upper half of the circle) and partly to eliminate a second solution to the 
problem (which would have opposite angle and charge for bead 2). We note that the net 
y component of the electric field evaluated at the origin is negative (points dowrí) for ali 
positions of bead 1, which implies (with our assumption in the previous sentence) that 
bead 2 is a negative charge. 

(a) When bead 1 is on the +y axis, there is no x component of the net electric field, which 
implies bead 2 is on the -y axis, so its angle is -90°. 

(b) Since the downward component of the net field, when bead 1 is on the +y axis, is of 
largest magnitude, then bead 1 must be a positive charge (so that its field is in the same 
direction as that of bead 2, in that situation). Comparing the values of E y at 0 o and at 90° 
we see that the absolute values of the charges on beads 1 and 2 must be in the ratio of 5 to 
4. This checks with the 180° value from the E x graph, which further confirms our belief 
that bead 1 is positively charged. In fact, the 180° value from the E x graph allows us to 
solve for its charge (using Eq. 22-3): 

q x = 4m 0 r 2 E = 4n( 8.854 x 1(T 12 ^)(0.60 m) 2 (5.0 x IO 4 = 2.0 x 10" 6 C . 

(c) Similarly, the 0 o value from the E y graph allows us to solve for the charge of bead 2: 

q 2 = 4m 0 r 2 E = 4n( 8.854 x 10~ 12 ^)(0.60 m) 2 (- 4.0 x 10 4 £) = -1.6x 10" 6 C . 


18. According to the problem statement, E àCt is Eq. 22-5 (with z = 5d) 

E q q = 160 g 

act 4^ 0 (4.5J) 2 4^ 0 (5.5J) 2 9801 ' Ans^d 1 

and Eapprox is 

2qd 2 q 

^ ~4x£ 0 (5df ~ \25 4xs Q d 2 ' 


The ratio is 


19. (a) Consider the figure below. The magnitude of the net electric field at point P is 


= 2£ 1 sin6> = 2 


4^ 0 (dllf + r 2 


d/2 


qd 


^d/2) 


2 +r 2 4 ^<» 


(d/2f 


. n3/2 


+ r 


For r » d , we write [(d/2) 2 + r 2 ] 3/2 « r 3 so the expression above reduces to 


1 

4^ 0 r 3 


+9 


(b) From the figure, it is clear that the net electric 
field at point P points in the -j direction, or 
-90° from the +x axis. 


d/2 


d/2 


20. Referring to Eq. 22-6, we use the binomial 

expansion (see Appendix E) but keeping higher order terms than are shown in Eq. 22-7: 

g fT d 3 d 2 \d 3 d 3 d 2 \ d 3 

E= 4m 0 A{ 1+ ~z + 47 + 27 + -)-{ 1 -~z + 47-27 + - 

q d q d 3 

2m 0 z 3 47ts 0 z 5 

Therefore, in the terminology of the problem, .Enext = qd I Ati&qz . 


21. Think of the quadrupole as composed of two dipoles, each with dipole moment of 
magnitude p = qd. The moments point in opposite directions and produce fields in 
opposite directions at points on the quadrupole axis. Consider the point P on the axis, a 
distance z to the right of the quadrupole center and take a rightward pointing field to be 
positive. Then, the field produced by the right dipole of the pair is qd/2mo(z - d/2) and 
the field produced by the left dipole is -qd/2mo(z + d/2) . Use the binomial expansions 

(z - d/2)- 3 * z~ 3 - 3z\-d/2) 
(z + d/2)- 3 * z~ 3 - 3 z -\d/2) 


to obtain 


E = 


qd 


2ns n 


1 3d 1 3d 

— r + ; t + - 


2 Z * 


2z 4 


6qd 2 
4ns 0 z 4 


Let Q = 2qd 2 . We have E = 3Q 

4K£ 0 Z 


22. (a) We use the usual notation for the linear charge density: X = q/L. The are length is 
L = rO with 6>is expressed in radians. Thus, 

L = (0.0400 m)(0.698 rad) = 0.0279 m. 

With q = -300(1.602 x 10~ 19 C), we obtain X = -1.72 x IO 15 C/m. 

(b) We consider the same charge distributed over an area A = nr 2 = tt(0.0200 m) and 
obtain a = q/A = -3.82 x IO" 14 C/m 2 . 

(c) Now the area is four times larger than in the previous part (A sp h ere = 4nr ) and thus 
obtain an answer that is one-fourth as big: 

a = g/A sphere = -9.56 x IO 15 C/m 2 . 

•2 

(d) Finally, we consider that same charge spread throughout a volume of V = 4n r /3 and 
obtain the charge density p = q/V = -1.43 x 10~ 12 C/m 3 . 


23. We use Eq. 22-3, assuming both charges are positive. At P, we have 

q,R q 2 (2R) 


E =E => 

left ring right ring 


4xs Q (R 2 +R 2 f 2 ^s 0 [(2R) 2 +R 2 r 


Simplifying, we obtain 


q 2 


= 2 


- 

v5, 


« 0.506. 


24. Studying Sample Problem 22-3, we see that the field evaluated at the center of 
curvature due to a charged distribution on a circular are is given by 


E = 


A 

4n£ 0 r 


-siné? 


along the symmetry axis, with X = qlrO with é?in radians. In this problem, each charged 
quarter-circle produces a field of magnitude 


\E\ 


\q\ 


1 


ml 2 4n£ 0 r 


-siné? 


" /4 _ 1 2j2\q\ 
-niA 4ft£ n nr 1 


That produced by the positive quarter-circle points at - 45°, and that of the negative 
quarter-circle points at +45°. 


(a) The magnitude of the net field is 


E mt , x = 2 


1 2yf2\q'^ 

^4n£ 0 nr 1 


cos 45° = - 


1 4\q\ 

4ft£ 0 nr 1 


(8.99xl0 9 N-m 2 /C 2 )4(4.50xl0" 12 C) 


;r(5.00xl(T 2 m) 


= 20.6 N/C. 


(b) By symmetry, the net field points vertically downward in the -j direction, or -90° 
counterclockwise from the +x axis. 


25. From symmetry, we see that the net field at P is twice the field caused by the upper 
semicircular charge +q = X nR (and that it points downward). Adapting the steps leading 
to Eq. 22-21, we find 


4t=2(-3) 


4ns 0 R 


-siné? 


90= 


-90° 


f \ 

q 

K s 0 n 2 R 2 j 


(a) Withi? = 8.50 x 10 2 m and q = 1.50 x 10~ õ C, I E I = 23.8 N/C. 


(b) The net electric field E net points in the - j direction, or -90° counterclockwise from 
the +x axis. 


26. We find the maximum by differentiating Eq. 22-16 and setting the result equal to zero. 

f \ 


d_ 
dz 


qz 


R z -2z z 


4ks q (z 2 +R 2 ) 


3/2 


J 


4^o (z 2 +R 2 f 2 


= 0 


which leads to z = R I V2 . With R = 2 AO cm, we have z = 1 .70 cm. 


27. (a) The linear charge density is the charge per unit length of rod. Since the charge is 
uniformly distributed on the rod, 

^-^-4.23x10-' C = _ 519xl0 -» Om 
L 0.0815 m 

(b) We position the x axis along the rod with the origin at the left end of the rod, as shown 
in the diagram. 

dx P 


0 


x 


L+a 


Let dx be an infinitesimal length of rod at x. The charge in this segment is dq = X dx . The 
charge dq may be considered to be a point charge. The electric field it produces at point P 
has only an x component and this component is given by 


dE. .= 


1 


Xdx 


\2 ' 


4ns 0 (L + a-x) 

The total electric field produced at P by the whole rod is the integral 


E =- 


X 


-P 
Jo , 


dx 


X 


1 


X 


íl 

o 4ns 0 \a L + ã; 


4ns 0 Jo [L + a-x] 4ns 0 L + a-x 

X L 1 q 

4ns 0 a(L + a) 4ns 0 a^L + a) ' 

upon substituting -q = ÀL. With q = 4.23 x 10" 15 C, L =0.0815 m and a = 0.120 m, we 
obtain £, = -1 .57 x 10" 3 N/C , or \E\= 1 .57 x IO" 3 N/C . 


(c) The negative sign in E x indicates that the field points in the -x direction, or -180° 
counterclockwise forni the +x axis. 

(d) If a is much larger than L, the quantity L + a in the denominator can be approximated 
by a and the expression for the electric field becomes 


E = 


4ns 0 a 


2 " 


Since a = 50 m » L = 0.08 15 m, the above approximation applies and we have 
£,.=-1.52xl0- 8 N/C,or [£ I =1.52x10 8 N/C. 


(e) For a particle of charge -q = -4. 23x10 15 C,the electric field at a distance a = 50 m 
away has a magnitude [ E x \ = 1 .52xl0~ 8 N/C . 


28. We use Eq. 22-16, with "q" denoting the charge on the larger ring: 


qz 


47T£ í) (z 2 + R 2 ) 312 47T£ 0 [z z +(3R) z ] 


+ - 


qz 


2 n 3/2 


= 0 => q = -Q 


13 


V •> J 


= -4.19g 


Note: we set z = 2R in the above calculation. 


29. The smallest are is of length L x = nri /2 = nR/2; the middle-sized are has length 
L 2 =nr 2 /2 = 7r(2R)/2 = 7rR ; and, the largest are has L 3 = n(3R)/2. The charge per unit 
length for each are is X = q/L where each charge q is specified in the figure. Following 
the steps that lead to Eq. 22-21 in Sample Problem 22-3, we find 

_ /L 1 (2sin45°) | A 2 (2sin45°) | ^(2sin45°) _ Q 
4xe a r Y A7rs 0 r 2 47re 0 r 3 42n 2 s () R 2 

which yields E net = 1.62 x IO 6 N/C . 


(b) The direction is - 45°, measured counterclockwise from the +x axis. 


30. (a) It is clear from symmetry (also from Eq. 22-16) that the field vanishes at the 
center. 


(b) The result (E = 0) for points infinitely far away can be reasoned directly from Eq. 22- 
16 (it goes as l/z 2 as z — > oo) or by recalling the starting point of its derivation (Eq. 22-1 1, 
which makes it clearer that the field strength decreases as l/r 2 at distant points). 

(c) Differentiating Eq. 22-16 and setting equal to zero (to obtain the location where it is 
maximum) leads to 


d 


qz 


q R 2 -2z 2 


= 0 => z = + ^ = 0.7077?. 



5/2 


(d) Plugging this value back into Eq. 22-16 with the values stated in the problem, we find 
£ max = 3.46 x IO 7 N/C. 


31. First, we need a formula for the field due to the are. We use the notation X for the 
charge density, X = Q/L. Sample Problem 22-3 illustrates the simplest approach to 
circular are field problems. Following the steps leading to Eq. 22-21, we see that the 
general result (for ares that subtend angle 9) is 

^ r ■ ,/,,™ ■ , 22sin(6>/2) 

^arc = sm((9 / 2) - sin(-0 / 2) = — i ^ . 

4;&? () r 4;r<? 0 r 

Now, the are length is L = r#if 9 is expressed in radians. Thus, using R instead of r, we 
obtain 

2(g/L)sin(0/2) 2(Q/R0)sin(0/2) 2gsin(0/2) 


are 


4^e 0 r 4^£- 0 r Axs a R 0 


The problem asks for the ratio iiparticie / ^arc where isparticie is given by Eq. 22-3: 

^particle, Q/AtTS.R 2 9 


E wc 2Qsm(0/2)/47rs o R 2 0 2sin(#/2) 


With 0= n, we have 


32. We assume q > 0. Using the notation X = q/L we note that the (infinitesimal) charge 
on an element dx of the rod contains charge dq = X dx. By symmetry, we conclude that ali 
horizontal field components (due to the dq's) cancel and we need only "sum" (integrate) 
the vertical components. Symmetry also allows us to integrate these contributions over 
only half the rod (0 < x < L/2) and then simply double the result. In that regard we note 

that sin 0 = Rir where r = yjx 2 + R 2 . 


(a) Using Eq. 22-3 (with the 2 and sin ^factors just discussed) the magnitude is 

2 CL/2Í Xdx V 


Jo 


i/2 dq 


ún0 = 

4 

XR fL/i dx _{q/L)R 


r 

Jo 


Jo 


47CE 0 Jo \X +R'J 


X 


y 


^ÍTTr 2 


IneJ» ( X 2 +R 2 f 2 ~ 2^ 0 R 2 J X 2 + R 2 

q L/2 _ q 1 

2 ^o LR ^(L/2) 2 +R 2 lne » R -ÍL 2 +AR 2 


L/2 


where the integral may be evaluated by elementary means or looked up in Appendix E 
(item #19 in the list of integrais). With g = 7.8 1x10 12 C , L = 0.145 mand R = 0.0600 m, 

wehave I Ê\ = 12.4 N/C. 


(b) As noted above, the electric field E points in the +y direction, or 
+90° counterclockwise from the +x axis. 


33. Consider an infinitesimal section of the rod of length dx, a distance x from the left end, 
as shown in the following diagram. It contains charge dq = X dx and is a distance r from 
P. The magnitude of the field it produces at P is given by 

,^ 1 Xdx 

dE = — . 

4%s 0 r 



The x and the y components are 


1 Xdx . 

dE x = — sin# 

4ns 0 r 


and 


dE„ = 


1 Xdx 
4ns 0 r 2 


COS0 , 


respectively. We use 6 as the variable of integration and substitute r = i?/cos 0, 
x = R tan 6 and dx = (R/cos 2 0) d6. The limits of integration are 0 and tt/2 rad. Thus, 


X 


f / sin 6d6 = — - — cos 6 

JO Arrp í? 


4tí£ 0 R 


4ns 0 R 


k/2 


4ns 0 R 


and 


E = 


í cosddd = — sin 6 


4ns 0 R 


4ns 0 R 


X 


4ks 0 R 


We notice that E x = E y no matter what the value of R. Thus, E makes an angle of 45° 
with the rod for ali values of R. 


34. From Eq. 22-26, we obtain 


E = 


cr 

2s n 


1- 


z |_ 5.3xlQ' 6 C/m 2 
Vz 2 +i? 2 J~2(8.85xl(T 12 C 2 /N-m 2 ) 


12cm 


^/(I2cm) 2 +(2.5cm) 2 


= 6.3xl0 3 N/C. 


35. At a point on the axis of a uniformly charged disk a distance z above the center of the 
disk, the magnitude of the electric field is 


where R is the radius of the disk and cr is the surface charge density on the disk. See Eq. 
22-26. The magnitude of the field at the center of the disk (z = 0) is E c = cr/2s 0 . We want 
to solve for the value of z such that EIE C = 1/2. This means 

^ z _ 1 z _ 1 

2 2 2 2 2 

Squaring both sides, then multiplying them by z + R , we obtain z = (z /4) + (R IA). 
Thus, z 2 = R 2 /3, or z = R/43 . With R = 0.600 m, we have z = 0.346 m. 


E = 


<j 


2s n 


36. We write Eq. 22-26 as 

E 


= 1-- 


2x1/2 


and note that this ratio is \ (according to the graph shown in the figure) when z = 4.0 cm. 
Solving this for R we obtain R = z a/3 =6.9 cm. 


37. We use Eq. 22-26, noting that the disk in figure (b) is effectively equivalent to the 
disk in figure (a) plus a concentric smaller disk (of radius R/2) with the opposite value of 
a. That is, 


E(b) = E( a ) - 


1 


2R 


where 


E(a)~ 


2R 


2soL V( 2 ^) 2 + R J ' 


We find the relative difference and simplify: 

E (a) - E (b) 1-2/^4 + 1/4 1-2/7177 4 0.0299 


Ha) 


1-2/ V4+T 1-2/V5 0.1056 


= 0.283 


or approximately 28%. 


38. From dA = 2nr dr (which can be thought of as the differential of A = nr 2 ) and dq = a 
dA (from the definition of the surface charge density a), we have 


where we have used the fact that the disk is uniformly charged to set the surface charge 
density equal to the total charge (Q) divided by the total area (nR ). We next set r = 
0.0050 m and make the approximation dr « 30 x 10 6 m. Thus we get dq « 2.4 x 10 _16 C. 


39. The magnitude of the force acting on the electron is F = eE, where E is the magnitude 
of the electric field at its location. The acceleration of the electron is given by Newton' s 
second law: 


40. Eq. 22-28 gives 


- F ma 
E = — = 


using Newton' s second law. 


(a) With east being the i direction, we have 

(l.80xl0 9 m/s 2 i) = (-0.0102 N/C) i 


E = - 


A 9.11xlQ- 31 kg A 
v 1.60xlO" 19 C j 


which means the field has a magnitude of 0.0102 N/C 


(b) The result shows that the field E is directed in the -x direction, or westward. 


41. We combine Eq. 22-9 and Eq. 22-28 (in absolute values). 



( 


\q\E = \q\ 

P 


y 2ns Q z 3 

) 


where we have used Eq. 21-5 for the constant k in the last step. Thus, we obtain 

2(8.99xl0 9 N-m 2 /C 2 )(l.60xl0" 19 C)(3.6xl0" 29 C-m) 

F = -± ^ 3 ^ - = 6.6x10 N. 

(25xl0" 9 my 

If the dipole is oriented such that p is in the +z direction, then F points in the -z 
direction. 


42. (a) Vertical equilibrium of forces leads to the equality 


mg 


mg 
2e 


Substituting the values given in the problem, we obtain 


mg (6.64xlCT 27 kg)(9.8m/s z ) 


2e 


2(1.6xl(T 19 C) 


= 2.03 x IO" 7 N/C. 


(b) Since the force of gravity is downward, then qE must point upward. Since q > 0 in 
this situation, this implies E must itself point upward. 


43. (a) The magnitude of the force on the particle is given by F = qE, where q is the 
magnitude of the charge carried by the particle and E is the magnitude of the electric field 
at the location of the particle. Thus, 

q 2.0xl(T 9 C 1 
The force points downward and the charge is negative, so the field points upward. 

(b) The magnitude of the electrostatic force on a proton is 

F d =eE = (l.60xl(T 19 C) (l.5xl0 3 N/C) = 2.4xl(T 16 N. 

(c) A proton is positively charged, so the force is in the same direction as the field, 
upward. 

(d) The magnitude of the gravitational force on the proton is 

F g =m£=(l.67xl(T 27 kg) (9.8 m/s 2 ) = 1.6xl(T 26 N. 
The force is downward. 


(e) The ratio of the forces is 


44. (a) F e = Ee = (3.0 x 10 b N/C)(1.6 x lCT iy C) = 4.8 x 1(T 1J N. 
(b) Fi = Eq ion = Ee = (3.0 x IO 6 N/C)(1.6 x IO" 19 C) = 4.8 x 10 " 13 N. 


45. (a) The magnitude of the force acting on the proton is F = eE, where E is the 
magnitude of the electric field. According to Newton' s second law, the acceleration of the 
proton is a = Fim = eElm, where m is the mass of the proton. Thus, 

Í1.60 x 1CT 19 C)Í2.00 x IO 4 N/C) 

a = ± ^— '—L = 1.92 x IO 12 m/s 2 . 

1.67 x 1(T 27 kg ' 

(b) We assume the proton starts from rest and use the kinematic equation v 2 = vl +2ax 
1 2 

(or else x = —at and v = ai) to show that 


v = 4lãx = Ml.92 x IO 12 m/s 2 )(0.0100m) = 1.96 x IO 5 m/s. 


46. (a) The initial direction of motion is taken to be the +x direction (this is also the 
direction of É ). We use v 2 -vf = 2a Ax with v/ = 0 and a = P/m = -eÉ/m e to solve for 

distance Ax: 

_ v 2 _ mv 2 -(9.11x10 31 kg) (5.00 x IO 6 m/s) 2 

Ax = — — = 5-í- = — ^ — -Ar = 7.12 x IO" 2 m. 

2a -2e£ -2(1.60 x 10 19 C) (l .00 x 10 3 N/C) 

(b) Eq. 2-171eadsto 

Ax 2Ax 2(7.12 x IO" 2 m) 

t = — = — = -± , ^ = 2.85xl0" 8 s. 

v avg v, 5.00 x IO 6 m/s 

(c) Using Av 2 = 2aAx with the new value of Ax, we find 

AK _ A(|m e v 2 ) _ Av 2 _ 2a Ax _ -leEAx 

K i ím e v? vf vf m e vf 

-2(l.60xl0" 19 C)(l.00xl0 3 N/C)(8.00xlO" 3 m) 

= — ^ ^ ^ = -0.112. 

(9.11xl0" 31 kg)(5.00xl0 6 m/s) 


Thus, the fraction of the initial kinetic energy lost in the region is 0.1 12 or 1 1.2%. 


47. When the drop is in equilibrium, the force of gravity is balanced by the force of the 
electric field: mg = -qE, where m is the mass of the drop, q is the charge on the drop, and 
E is the magnitude of the electric field. The mass of the drop is given by m = (4n/3)r 3 p, 
where r is its radius and pis its mass density. Thus, 

mg Anr^pg 47t(l.64xl(T 6 m) 3 (851kg/m 3 )(9.8m/s 2 ) 

q — — — 7 : r — — o.UxlU C 

E 3E 3 (l. 92 x IO 5 N/C) 

and q/e = (-8.0 x IO" 19 C)/(1.60 x 1(T 19 C) = -5, or q = -5e . 


48. We assume there are no forces or force-components along the x direction. We 
combine Eq. 22-28 with Newton' s second law, then use Eq. 4-21 to determine time t 
followed by Eq. 4-23 to determine the final velocity (with -g replaced by the a y of this 
problem); for these purposes, the velocity components given in the problem statement are 
re-labeled as vq x and vo v respectively. 

(a) We have ã = qE/m = -(e I m)E which leads to 


a = — 


1.60xl(T 19 C 
9.11xl<r 31 kg 


N 


120 


j = -(2.1xl0 13 m/s 2 )j 


(b) Since v x = vo x in this problem (that is, a x = 0), we obtain 
Ax 0.020 m 


t = ■ 


= 1.3xl0~ 7 s 


v Qx 1.5 x IO 5 m/s 
Vy = Voy + ãy t = 3.0 x 10 3 m/s + (-2.1 x 10 13 m/s 2 ) (l .3 x IO" 7 s) 


which leads to v y = 


-2.8 x IO 6 m/s. Therefore, the final velocity is 
v=(1.5xl0 5 m/s) i-(2.8xl0 6 m/s) j. 


49. (a) We use Ax = v avg í = vt/2: 


2Ax 2(2.0 xl(T 2 m) 

v = — = -i =-^ = 2.7 x IO 6 m/s. 

í 1.5xlCT 8 s ' 


(b) We use Ax = \at 2 and £ = Fie = ma/e: 


ma 2Axm 2(2.0x 10~ 2 m)(9.11x 10~ 31 kg) 
E = ma = /A*m = j )\ &)_ _ iQx 10 N/C. 

e eí (l.60xlO~ 19 C)(l.5xlO~ 8 s) 


50. Due to the fact that the electron is negatively charged, then (as a consequence of Eq. 

-> 

22-28 and Newton' s second law) the field E pointing in the +y direction (which we will 
call "upward") leads to a downward acceleration. This is exactly like a projectile motion 
problem as treated in Chapter 4 (but with g replaced with a = eE/m = 8.78 x 10 11 m/s 2 ). 
Thus, Eq. 4-21 gives 

x 3.00 m . _ , . __ 6 

t = = 2 = 1.96x10 6 s. 

v 0 cos 0 O (2.00 x IO 6 m/s)cos40.0° 

This leads (using Eq. 4-23) to 

v y =v () sin^ 0 -aí = (2.00xl0 6 m/s)sin40.0°-(8.78xl0 11 m/s 2 )(1.96xl0" 6 s) 
= -4.34 x 10 5 m/s. 


Since the x component of velocity does not change, then the final velocity is 


v =(1.53 x IO 6 m/s) i- (4.34 x 10 5 m/s) j 


51. We take the positive direction to be to the right in the figure. The acceleration of the 


proton is a p 


eElnip and the acceleration of the electron is a e 


-eElm e , where E is the 


magnitude of the electric field, m p is the mass of the proton, and m e is the mass of the 
electron. We take the origin to be at the initial position of the proton. Then, the coordinate 


of the proton at time t is x 


_ i 


2 V 


and the coordinate of the electron is x = L + \aJ 


They pass each other when their coordinates are the same, or \a p t = L + \a e t . This 
means t 2 = 2L/(a„ - a e ) and 


x = 


L = 


eElm,, 


a p -a e (eE/m p )+(eE/m e ) 
9.11xlCT 31 kg 


L = 


m. 


K m e +m pJ 


9.11x10 31 kg + 1.67xlO z, kg 


27, 


(0.050m) 


= 2.7xl(T 5 m. 


52. We are given a = 4.00 x 10 6 C/m 2 and various values of z (in the notation of Eq. 22- 
26 which specifies the field E of the charged disk). Using this with F = eE (the magnitude 
of Eq. 22-28 applied to the electron) and F = ma, we obtain a = F I m = eE I m . 


(a) The magnitude of the acceleration at a distance R is 

a = ga f ^ = 1.16 x IO 16 m/s 2 . 
4 m s 0 

(b) At a distance R/100, a = * ° °gr^» = 3.94 x IO 16 m/s 2 . 

20002 m s 0 

„^ ea (1000001 -VlOOOOOl ) _ 16 , 2 

(c) At a distance 7Í/1000, a = , mnm , v ^ = 3.97x 10 m/s . 

2000002 m s 0 

(d) The field due to the disk becomes more uniform as the electron nears the center point. 
One way to view this is to consider the forces exerted on the electron by the charges near 
the edge of the disk; the net force on the electron caused by those charges will decrease 
due to the fact that their contributions come closer to canceling out as the electron 
approaches the middle of the disk. 


53. (a) Using Eq. 22-28, we find 


F = (8.00 x 10~ 5 C)(3.00 x 10 3 N/C)i + (8.00 x 10" 5 C)(-600N/C) j 
= (0.240N)i-(0.0480N)j. 

Therefore, the force has magnitude equal to 

F = JfJTfJ = ,J(0.240N) 2 +(-0.0480N) 2 = 0.245N. 
(b) The angle the force F makes with the +x axis is 

0 = tan l — =tan l ™ =-11.3° 




^-0.0480N^ 


= tan 1 




v 0.240N J 


measured counterclockwise from the +x axis. 

(c) With m = 0.0100 kg, the (x, y) coordinates at t = 3.00 s can be found by combining 
Newton' s second law with the kinematics equations of Chapters 2-4. The x coordinate is 

1 , Ft 2 (0.240 N)(3.00s) 2 

x = -af =^- = ± ^ ^_ = i08m. 

2 * 2m 2(0.0100 kg) 

(d) Similarly, the y coordinate is 

1 , Ff (-0.0480 N) (3.00 s) 2 


F t 

y =—at =— — 
2 } 2m 


2(0.0100 kg) 


= -21.6m. 


54. (a) Due to the fact that the electron is negatively charged, then (as a consequence of 

Eq. 22-28 and Newton' s second law) the field E pointing in the same direction as the 
velocity leads to deceleration. Thus, with í = 1.5 x 1CT 9 s, we find 


eE An . , (1.6x10 19 C)(50 N/C) 


v = v -\a\t = v. ) í = 4.0xl0 4 m/s-— ^ -(1.5xl(T s) 

0 0 m 9.11xl(T 31 kg 

= 2.7xl0 4 m/s. 


(b) The displacement is equal to the distance since the electron does not change its 
direction of motion. The field is uniform, which implies the acceleration is constant. 
Thus, 

d = v + v< Lt = 50xl0 -5 m 
2 


55. We take the charge <2 = 45.0pC of the bee to be concentrated as a particle at the 
center of the sphere. The magnitude of the induced charges on the sides of the grain is 
I q 1 = 1.000 pC. 

(a) The electrostatic force on the grain by the bee is 


F = 


kQq , kQ(-q) 


+ - 


{d + Dliy (D/2)' 


= -kQ\q\ 


1 


1 


(D/2) 2 (d + D/2) 2 


where D = 1.000 cm is the diameter of the sphere representing the honeybee, and 
d = 40.0//m is the diameter of the grain. Substituting the values, we obtain 


F = -(8.99x 10" N • m 2 /C 2 ) (45.0 x 10 12 C)(1 .000x 10 12 C) 
= -2.56 x 10" 10 N . 


1 


1 


(5.00xl0 -3 m) 2 (5.04xl0~ 3 m) 2 


The negative sign implies that the force between the bee and the grain is attractive. The 
magnitude of the force is I F I = 2.56 x 10~ 10 N . 

(b) Let I Q' I = 45.0 pC be the magnitude of the charge on the tip of the stigma. The force 
on the grain due to the stigma is 


, k\Q'\q , k\Q'\(-q) 


F' = 


(d + D') 2 


+ - 


(D') 2 


= -k\Q'\\q\ 


1 


1 


(D') 2 (d + D') 2 


where D' = 1.000 mm is the distance between the grain and the tip of the stigma. 
Substituting the values given, we have 


F' = - (8.99 x IO 9 N ■ m 2 /C 2 ) (45.0 x 10" 12 C)(1 .000 x 10" 12 C) 
= -3.06 x IO" 8 N . 


1 


1 


(l.OOOxlO -3 m) 2 (1.040xl0" J m) 


3 ™\2 


The negative sign implies that the force between the grain and the stigma is attractive. 
The magnitude of the force is I F' I = 3.06 x IO 8 N . 


(c) Since I F' I > I F I , the grain will move to the stigma. 


56. (a) Eq. 22-33 leads to r = pE sinO 0 = 0. 

(b) With 6 = 90° , the equation gives 

T = pE = (2(1.6 x 1(T 19 C) (0.78 x 1(T 9 m)) (3.4 x IO 6 N/C) = 8.5 x 1(T 22 N • m. 

(c) Now the equation gives r = pE sin 180° = 0. 


57. (a) The magnitude of the dipole moment is 

p = qd = (1.50 x 1(T 9 C) (6.20 x IO" 6 m) = 9.30 x IO" 15 C • m. 
(b) Following the solution to part (c) of Sample Problem 22-5, we find 

[/(l80°)-í/(0) = 2p£ = 2(9.30xl0" 15 C-m)(ll00N/C) = 2.05xl0" 11 J. 


58. Using Eq. 22-35, considering 6 as a variable, we note that it reaches its maximum 
value when 6 = -90°: x max = pE. Thus, with E = 40 N/C and w = 100 x 10 ~ 28 N-m 
(determined from the graph), we obtain the dipole moment: p = 2.5 x 10~ 28 C-m. 


59. Eq. 22-35 (r = -pE siné?) captures the sense as well as the magnitude of the effect. 
That is, this is a restoring torque, trying to bring the tilted dipole back to its aligned 
equilibrium position. If the amplitude of the motion is small, we may replace sin #with 0 
in radians. Thus, r « -pEO. Since this exhibits a simple negative proportionality to the 
angle of rotation, the dipole oscillates in simple harmonic motion, like a torsional 
pendulum with torsion constant k = pE. The angular frequency <z>is given by 

, k pE 
a> = — = 

/ / 

where / is the rotational inertia of the dipole. The frequency of oscillation is 


60. Examining the lowest value on the graph, we have (using Eq. 22-38) 

U = - p Ê = -l.OOx 10 28 J. 
If E = 20 N/C, we find p = 5.0 x 10 28 Cm. 


61. Following the solution to part (c) of Sample Problem 22-5, we find 

W = U (0 O + n)- U (0 O ) = -pE (cos (0 O + n) - cos (0„ )) = 2 p£cos 0 O 
= 2(3.02x 1(T 25 C • m)(46.0 N/C)cos64.0° 
= 1.22xl0" 23 J. 


62. Our approach (based on Eq. 22-29) consists of several steps. The first is to find an 
approximate value of e by taking differences between ali the given data. The smallest 
difference is between the fifth and sixth values: 

18.08 x 10 ~ 19 C - 16.48 x 10 " 19 C = 1.60 x 10~ 19 C 

which we denote <? a p pr ox- The goal at this point is to assign integers n using this 
approximate value of e: 


datuml 

datum2 

datum3 

datum4 

datum5 


6.563xl(T 19 C 


^approx 




8.204x10" 

"C 

e 

approx 


11.50x10 

-19 C 

e 

approx 


13.13x10 

-19 C 

^approx 


16.48x10 

-19 C 


:4.10=>«,=4 


=5.13=>/t, =5 


= 7.19^n 3 =7 


= 8.21=>n 4 =8 


= 10.30 =>n< =10 


datumó 
datum7 
datum8 
datum9 


18.08xl0 _19 C 




^appeox 


19.71x10 

-19 C 

e 


approx 


22.89x10" 

-19 C 

^approx 


26.13x10 

-19 C 


= 11.30 =>n 6 =ll 
= 12.32^n 7 =12 
= 14.31^n 8 =14 
= 16.33=>n n =16 


Next, we construct a new data set (e\, e%, e?, ...) by dividing the given data by the 
respective exact integers n, (for i = 1, 2, 3 . . .): 


( 6.563 xlO _19 C 8.204 x IO 19 C 1150xlO~ 19 C A 


which gives (carrying a few more figures than are significant) 

(1.64075 x IO" 19 C, 1.6408 x IO" 19 C, 1.64286 xlO" 19 C.) 

as the new data set (our experimental values for é). We compute the average and standard 
deviation of this set, obtaining 


= e mg ±Ae = (1.641 ± 0.004) x 10 19 C 


which does not agree (to within one standard deviation) with the modern accepted value 
for e. The lower bound on this spread is e avg - Ae = 1.637 x IO -19 C which is still about 
2% too high. 


63. First, we need a formula for the field due to the are. We use the notation X for the 
charge density, A, = Q/L. Sample Problem 22-3 illustrates the simplest approach to 
circular are field problems. Following the steps leading to Eq. 22-21, we see that the 
general result (for ares that subtend angle 9) is 

A r ■ . , ^, A ,i 2Ãs'm(0/ 2) 

E «c = - A sm (# 1 2 ) " sm(-^/ 2) = —± . 

4ns () r 47rs Q r 

Now, the are length is L = rO with 0 is expressed in radians. Thus, using R instead of r, 
we obtain 

_ 2(Q/L)sin(fl/2) _ 2{QI R6)ún{6 1 2) _ 2Qsin(0/2) 
310 ~ "~ 4xs 0 R ~ 4ns 0 R " ~ 4x£ Q R 2 6 

Thus, the problem requires E mc = ^ Eparticie where ^particie is given by Eq. 22-3. Hence, 

2gsin(6>/2) 1 Q .66 

— -^^ = => sm- = - 

4tt£ 0 R 2 6 2 4tt£ 0 R 2 2 4 


where we note, again, that the angle is in radians. The approximate solution to this 
equation is 6= 3.791 rad * 217°. 


64. Most of the individual fields, caused by diametrically opposite charges, will cancel, 
except for the pair that lie on the x axis passing through the center. This pair of charges 
produces a field pointing to the right 


65. (a) From symmetry, we see the net field component along the x axis is zero; the net 
field component along the y axis points upward. With 9 = 60°, 


E =2 Qún6 

net ' v 4ns 0 a 2 

Since sin(60°) =\J?> 12 , we can write this as E net = kÇh$3 /a (using the notation of the 
constant k defined in Eq. 21-5). Numerically, this gives roughly 47 N/C. 

(b) From symmetry, we see in this case that the net field component along the y axis is 
zero; the net field component along the x axis points rightward. With 6= 60°, 

ÔCOS0 

net.x Z „ 2 - 

Since cos(60°) = 1/2, we can write this as E Bet = kQ/a (using the notation of Eq. 21-5). 
Thus, E net « 27 N/C. 


66. The two closest charges produce fields at the midpoint which cancel each other out. 
Thus, the only significant contribution is from the furthest charge, which is a distance 

/ 2 away from that midpoint. Plugging this into Eq. 22-3 immediately gives the 

result: 

E _ Q Q _4 Q 

4xs 0 r 2 4x£ 0 (Sd/2) 2 3 4xe 0 d 2 ' 


67. (a) Since the two charges in question are of the same sign, the point x = 2.0 mm 
should be located in between them (so that the field vectors point in the opposite 
direction). Let the coordinate of the second particle be x' (x' > 0). Then, the magnitude of 
the field due to the charge -q\ evaluated at x is given by E = qilAn&ox 2 , while that due to 
the second charge -Aq\ is E' = Aq x lAm^x' - x) . We set the net field equal to zero: 


£ net =0 => E = E' 


so that 


0i 


4q x 


4ns 0 x 4ns Q (x'-x) 


Thus, we obtain x' = 3x = 3(2.0 mm) = 6.0 mm. 


(b) In this case, with the second charge now positive, the electric field vectors produced 
by both charges are in the negative x direction, when evaluated at x = 2.0 mm. Therefore, 
the net field points in the negative x direction, or 180°, measured counterclockwise from 
the +x axis. 


68. We denote the electron with subscript e and the proton with p. From the figure below 
we see that 


4ns Q d z 


where d = 2.0 x 10 r 6 m. We note that the components along the y axis cancel during the 
vector summation. With k = l/47tSo and 6 = 60° , the magnitude of the net electric field is 
obtained as follows: 


/ 

/ 


proton 


= E x = 2E e cos 6 = 2 
= 3.6xl0 2 N/C. 


4ne 0 d' j 


cosO = 2 


electron 


8.99 x Hf 


N-m 


2 A 


(l.óxlO- 19 C) 


(2.0xl0 6 m) 


cos 60 c 


69. On the one hand, the conclusion (that Q = +1.00 juC) is clear from symmetry. If a 
more in-depth justification is desired, one should use Eq. 22-3 for the electric field 

magnitudes of the three charges (each at the same distance r = a/V3from C) and then 
find field components along suitably chosen axes, requiring each component-sum to be 
zero. If the y axis is vertical, then (assuming Q > 0) the component-sum along that axis 
leads to 2kq sin 30° I r 2 =kQI r 2 where q refers to either of the charges at the bottom 
corners. This yields Q = 2q sin 30° = q and thus to the conclusion mentioned above. 


70. (a) Let E = o/2s 0 = 3 x 10 b N/C. With a= \q\IA, this leads to 


r 2 E (2.5xl(T 2 m) Í3.0xl0 6 N/C) 

\ q \ = „R 2 ct = 2tts () R 2 E = = ^ -. '-i ——{ ' = l.Ox IO" 7 C , 

m ° 2k 2(8.99xl0 9 N-m 2 /C 2 ) 

where k = l/4n£ 0 =8.99xl0 9 N-m 2 /C 2 . 

(b) Setting up a simple proportionality (with the áreas), the number of atoms is estimated 
to be 

;r(2.5xl0- 2 m) 2 

n = — K - nr ^ r = 1.3xl0 17 . 

0.015x10 " 18 m 2 


(c) The fraction is 

q 1.0xlO~ 7 C 


Ne (l.3xl0 17 )(l.6xlO _19 C) 


«5.0x10" 


"3 

71. (a) Using the density of water (/? = 1000 kg/m ), the weight mg of the spherical drop 
(of radius r = 6.0 x 10 7 m) is 

W = pVg = (1000 kg/m 3 ) ^(6.0 x IO" 7 m) 3 j (9.8 m/s 2 ) = 8.87 x 10 15 N. 

(b) Vertical equilibrium of forces leads to mg = qE = neE, which we solve for n, the 
number of excess electrons: 

mg 8.87 x 10 15 N 
n = = — — = 120. 


eE (1.60x10 - 19 C)(462N/C) 


72. Eq. 22-38 gives U = -p ■ É = -pEcosO . We note that # = 110° and 6 f = 70.0°. 
Therefore, 

AU = -pE (cos 70.0° - cos 1 10°) = -3.28 x 1(T 21 J. 


73. Studying Sample Problem 22-3, we see that the field evaluated at the center of 
curvature due to a charged distribution on a circular are is given by 


E = 


A 

4n£ 0 r 


-siné? 


along the symmetry axis, where X, = q/l = q/rO with 6'm radians. Here l is the length of 
the are, given as l = 4.0m . Therefore, 0 = £/r = 4.0/2.0 = 2.0rad . Thus, with q = 20 x 10~ 
9 C, we obtain 


(q/t) 
4ns 0 r 


1.0 rad 


= 38 N/C 


-1.0 rad 


74. (a) We combine Eq. 22-28 (in absolute value) with Newton' s second law: 
\q\E 


a = 


m 


' 1.60x10 19 



^.llxlO^kg J 

1.40 x IO 6 


V 

cj 


= 2.46 x IO 17 m/s 2 


(b) With v = — = 3.00 x IO 7 m/s , we use Eq. 2- 1 1 to find 


t = 


v-v„ 3.00xl0 7 m/s 


= 1.22xl0~ 10 s 


a 2.46 x IO 17 m/s 2 


(c) Eq. 2-16 gives 


Ax = 


v 2 -v. 


.2 (3.00 x IO 7 m/s) 2 


2a 2(2.46 x IO 17 m/s 2 ) 


83xl0~ 3 m. 


75. We consider pairs of diametrically opposed charges. The net field due to just the 
charges in the one o'clock (-q) and seven o'clock i-lq) positions is clearly equivalent to 
that of a single -6q charge sitting at the seven o'clock position. Similarly, the net field 
due to just the charges in the six o'clock (-6q) and twelve o'clock (-I2q) positions is the 
same as that due to a single -6q charge sitting at the twelve o'clock position. Continuing 
with this line of reasoning, we see that there are six equal-magnitude electric field vectors 
pointing at the seven o'clock, eight o'clock ... twelve o'clock positions. Thus, the 
resultant field of ali of these points, by symmetry, is directed toward the position midway 
between seven and twelve o'clock. Therefore, £ reaíltaiIt points towards the nine-thirty 
position. 


76. The electric field at a point on the axis of a uniformly charged ring, a distance z from 
the ring center, is given by 

qz 


E = 


4ks q (z 2 +R 2 ) 


3/2 


where q is the charge on the ring and R is the radius of the ring (see Eq. 22-16). For q 
positive, the field points upward at points above the ring and downward at points below 
the ring. We take the positive direction to be upward. Then, the force acting on an 
electron on the axis is 

eqz 


F = 


.3/2 


4ne Q (z 2 +R 2 )~ 

For small amplitude oscillations z <sc R and z can be neglected in the denominator. Thus, 

eqz 


F = 


4ns Q R~ 


The force is a restoring force: it pulls the electron toward the equilibrium point z = 0. 
Furthermore, the magnitude of the force is proportional to z, just as if the electron were 
attached to a spring with spring constant k = eq/4nsoR 3 . The electron moves in simple 
harmonic motion with an angular frequency given by 


co = 



eq 


4ns () mR~ 


where m is the mass of the electron. 


77. (a) Since É points down and we need an upward electric force (to cancel the 
downward pull of gravity), then we require the charge of the sphere to be negative. The 
magnitude of the charge is found by working with the absolute value of Eq. 22-28: 


4.4N 


E E 150 N/C 


= 0.029C. 


or q = -0.029 C. 


(b) The feasibility of this experiment may be studied by using Eq. 22-3 (using k for 
1/4tc6 0 ). We have E = k\q\lr 2 with 


^sulfur 


'4 3 ^ 

— nr 


= m. 


sphere 


Since the mass of the sphere is 4.4/9.8 « 0.45 kg and the density of sulfur is about 
2.1 x 10 kg/m (see Appendix F), then we obtain 


r = 


3m, 


y/3 


sphere 


4np s 


= 0.037 m => E = k l -^~2xlO u N/C 


V r sulfur J 


which is much too large a field to maintain in air. 


78. The magnitude of the dipole moment is given by p = qd, where q is the positive 
charge in the dipole and d is the separation of the charges. For the dipole described in the 
problem, 

p = (1.60 x 1(T 19 C)(4.30 x 1CT 9 m) = 6.88 x 1CT 28 C • m . 
The dipole moment is a vector that points from the negative toward the positive charge. 


79. From the second measurement (at (2.0, 0)) we see that the charge must be somewhere 
on the x axis. A line passing through (3.0, 3.0) with slope tarT 1 (3/4) will intersect the x 
axis at x = -1.0. Thus, the location of the particle is specified by the coordinates (in cm): 
(-1.0,0). 

(a) The x coordinate is x = -1.0 cm. 

(b) Similarly, the y coordinate is y = 0. 

(c) Using k = l/4ns 0 , the field magnitude measured at (2.0, 0) (which is r = 0.030 m 
from the charge) is 

= k\ = !00 N/C. 
r 


Therefore, 

" cinn n tko ího m r 

■ = 1.0xlO _il C. 


(100 N 0(0.030 m)' , „,„_,,, 


8.99xlO y N-m7C 


80. We interpret the linear charge density, X =1 Q I / L , to indicate a positive quantity (so 
we can relate it to the magnitude of the field). Sample Problem 22-3 illustrates the 
simplest approach to circular are field problems. Following the steps leading to Eq. 22- 
21, we see that the general result (for ares that subtend angle 6) is 

Kc =~ A sin(0/2)-sin(-0/2) = — ^ . 

47rs 0 r 47rs 0 r 

Now, the are length is L = rO with 0 is expressed in radians. Thus, using R instead of r, 
we obtain 

2(lgl/L)sin(0/2) 2(\Q\/R0)sin(0/2) 2 1 Q I sin(0 / 2) 

E„ r „ = — 


are 


4tts 0 R 4xs a R 4tts o R z 0 


With Igl=6.25xl0 12 C, # = 2.40 rad =137.5° and i? = 9.00x10 2 m, the magnitude of 
the electric field is E = 5.39 N/C . 


81. (a) From Eq. 22-38 (and the facts that i • i = 1 and j • i = 0), the potential energy is 


U = -p-E = - 


(3.00Í + 4.00j) (l .24 x 1CT 3() C • m) • [(4000 N/C) i 


= -1.49xl0~ 26 J. 


(b) From Eq. 22-34 (and the facts that i x i = 0 and j x i = -k ), the torque is 


t= pxE = 


(3.00i + 4.00j)(l.24x 10- 30 C-m)]x [(4000N/C)i] 


= (-1.98xlO" 26 N-m)k. 

(c) The work done is 

W = AU = A(-p- É) = (p. - p f y É 

= (3.00i + 4.00j)-(-4.00i + 3.00j)](l.24x 10" 30 C-m)]-[(4000N/C)i] 


= 3.47 x IO" 26 J 


82. (a) From symmetry, we see the net force component along the y axis is zero. 
(b) The net force component along the x axis points rightward. With 6= 60°, 

^ 3 = , i ~- 

Ans 0 a 

Since cos(60°) =1/2, we can write this as 

P _ ^i _ (8-99xl0 9 N-m 2 /C 2 )(5.00xl0- 12 C)(2.00xl0 12 C) _ 9 %xl0 -i2 N 
3 a 2 (0.0950 m) 2 


83. A small section of the distribution that has charge dq is X dx, where X = 9.0 x 10 9 
C/m. Its contribution to the field at x P = 4.0 m is 


dE = 


dq 


4ns 0 [x- x p ) 


pointing in the +x direction. Thus, we have 

•3.0m X dx 


E =\ 

Jo 


4ns Q (x-x p ) 


which becomes, using the substitution u = x - xp, 


X f-1.0m du í X 


F-l.V 

J-4.0 


E = - | — .= 

4tzs, 


4ns n 


-1 


-1 


-l.Om -4.0 m 


which yields 61 N/C in the +x direction. 


84. Let q\ denote the charge at y = d and q 2 denote the charge at y = -d. The individual 


magnitudes 


and 


are figured from Eq. 22-3, where the absolute value signs for q 

are unnecessary since these charges are both positive. The distance from q\ to a point on 

the x axis is the same as the distance from q 2 to a point on the x axis: r = ^x 2 +d 2 . By 
symmetry, the y component of the net field along the x axis is zero. The x component of 
the net field, evaluated at points on the positive x axis, is 


E = 2 


K 4ns Q j 


Y g 
y x 2 +d 2 


x 


4x 2 +d 2 


where the last factor is cosé? = x/r with 6 being the angle for each individual field as 
measured from the x axis. 


(a) If we simplify the above expression, and plug in x = ad, we obtain 


E = 


a 


2ns 0 d í 


3/2 


(b) The graph of E = E x versus a is shown below. For the purposes of graphing, we set d 
= 1 m and <? = 5.56 x 1ÍT 11 C. 



(c) From the graph, we estimate .Emax occurs at about a = 0.71. More accurate 
computation shows that the maximum occurs at a = l/V2 . 

(d) The graph suggests that "half-height" points occur at a « 0.2 and a « 2.0. Further 
numerical exploration leads to the values: a= 0.2047 and a= 1.9864. 


85. (a) For point A, we have (in SI units) 


E A = 


- + - 


q 2 


(-■) 


Í8.99xl0 9 ) (l.00xl0" 12 c)/ ,v (8.99xl0 9 )l-2.00xl0 12 CI ,^ 

—(-T * W 


(5.00 x IO" 2 ) 
= (-1.80N/C)í. 


(2x5.00xl0 2 ) 


(b) Similar considerations leads to 


l<?2 1 


■ + ■ 


1 = 


= (43.2N/C)í. 


(8.99xl0 9 ) (l.00xl0" 12 c). (8.99xl0 9 ) I -2.00xl0 _12 CL 
— = — -i + - = i 


(0.500x5.00xl0 2 ) 2 


(0.500x5.00xl0 2 ) 2 


(c) For point C, we have 
q l \q 2 \ 


4xs Q r 2 


, (8.99xl0 9 ) (l.OOxlO 12 c). Í8.99xl0 9 ) l-2.00xl0 12 CL 

Í =- — ; -Í-- ; Í 


= -(6.29N/C)i. 


(2.00 x 5.00 x IO" 2 ) 


(5.00 x1o 2 ) 


(d) Although a sketch is not shown here, it would be somewhat similar to Fig. 22-5 in the 
textbook except that there would be twice as many field lines "coming into" the negative 
charge (which would destroy the simple up/down symmetry seen in Fig. 22-5). 


86. (a) The electric field is upward in the diagram and the charge is negative, so the force 
of the field on it is downward. The magnitude of the acceleration is a = eE/m, where E is 
the magnitude of the field and m is the mass of the electron. Its numerical value is 


(1.60 x KT 19 C)(2.00 x 10 3 N/C) 

a = ± ^ = 3.51 x IO 14 m/s 2 . 

9.1 lx 1(T 31 kg 1 

We put the origin of a coordinate system at the initial position of the electron. We take 
the x axis to be horizontal and positive to the right; take the y axis to be vertical and 
positive toward the top of the page. The kinematic equations are 

1 2 

x = v 0 t cos 6, y = v o tsm0-—at , and v y = v 0 sin 6 - at. 

First, we find the greatest y coordinate attained by the electron. If it is less than d, the 
electron does not hit the upper plate. If it is greater than d, it will hit the upper plate if the 
corresponding x coordinate is less than L. The greatest y coordinate occurs when v y = 0. 
This means vo sin 6- at = 0 or t = (vo/a) sin 6 and 

_ v 0 2 sin 2 fl 1 vl sin 2 é? _ 1 v 2 sin 2 é? _ (6-OQxlO 6 m/s) 2 sin 2 45° _ ^ ^ 
a 2 a 2 2 a 2(3.51xl0 14 m/s 2 ) 

Since this is greater than d = 2.00 cm, the electron might hit the upper plate. 

(b) Now, we find the x coordinate of the position of the electron when y = d. Since 

v 0 sin 0 = (6.00 x IO 6 m/s) sin 45° = 4.24 x IO 6 m/s 

and 

2ad = 2(3.51 x IO 14 m/s 2 )(0.0200m) = 1.40 x 10 13 m 2 /s 2 
the solution to d = v 0 t siné?- \at 2 is 


_v 0 sin^- > /v 0 2 sin 2 ^-2aJ_(4.24xl0 6 m/s)- A /(4.24xl0 6 m/s) 2 -1.40xl0 13 m 2 /s 2 
a ~ 3.5 lx IO 14 m/s 2 

= 6.43xl0 _9 s. 

The negative root was used because we want the earliest time for which y = d. The x 
coordinate is 

^ = v 0 ícos^ = (6.00xl0 6 m/s)(6.43xlO" 9 s)cos45° = 2.72xlO" 2 m. 
This is less than L so the electron hits the upper plate at x = 2.72 cm. 


87. (a) If we subtract each value from the next larger value in the table, we find a set of 
numbers which are suggestive of a basic unit of charge: 1.64 x 1CT 19 , 3.3 x 10~ 19 , 
1.63 x 1(T 19 , 3.35 x 1(T 19 , 1.6 x IO -19 , 1.63 x 1(T 19 , 3.18 x 1CT 19 , 3.24 xl0~ 19 , where the 
SI unit Coulomb is understood. These values are either close to a common 
e « 1.6x10 19 C value or are double that. Taking this, then, as a crude approximation to 
our experimental e we divide it into ali the values in the original data set and round to the 
nearest integer, obtaining n = 4,5,7,8,10,11,12,14, and 16. 

(b) When we perform a least squares fit of the original data set versus these values for n 
we obtain the linear equation: 

q = 7.18 x IO" 21 + 1.633 x 10~ 19 n. 

If we dismiss the constant term as unphysical (representing, say, systematic errors in our 
measurements) then we obtain e = 1.63 x 10~ 19 when we set n = 1 in this equation. 


88. Since both charges are positive (and aligned along the z axis) we have 


+ - 


(z-d/2) (z + d/2) 


—2 —2 

For z » d we have (z ± d/2) ~ z , so 


1 ( q , ^ 


2 + 2 

4tt^ 0 U z J 


2q 


4ns 0 z 2 


1. The vector area A and the electric field E are shown on the diagram below. The angle 
0 between them is 180° - 35° = 145°, so the electric flux through the area is 


0 = £-Ã = £Acos# = (l8OO N/C)(3.2xl(T 3 m) 2 cosl45° = -1.5xlCT 2 N-m 2 /C 



2. We use O = 1 É ■ dÀ and note that the side length of the cube is (3.0 m-1 .0 m) = 2.0 m. 

(a) On the top face of the cube y = 2.0m and dÀ = (dA) j . Therefore, we have 
Ê = 4i - 3 (( 2.0) 2 + 2) j = 4i - 1 8 j . Thus the flux is 

O = J Ê-dÃ = J (4i - 1 8 j) • ( dÁ) j = -18]" JA = (-1 8) ( 2.0) 2 N • m 2 /C = -72 N • m 2 /C . 

(b) On the bottom face of the cube y = 0 and ú?Ã = (dA)(- jj . Therefore, we have 
E = 4i - 3(0 2 + 2) j = 4i - 6 j . Thus, the flux is 

0=f É dÀ=\ Í4i-6j)-(íM)(-j) = 6f JA = 6(2.0) 2 N-m 2 /C = +24 N-m 2 /C 

Jbottom JbottomV / v ' \ I Jbottom v ' ' ' 

(c) On the left face of the cube dÀ = ( dÁ)(-i j . So 

° = L É ^ = L( 4Í + E ,5)-(^)( 4 ) = ^L.' M = ^( 2 - 0 ) 2N - m2 /C = -16N-m7c. 

(d) On the back face of the cube <iÃ = (dA)^-kj . But since É has no z component 
È-dÀ = 0. Thus, 0 = 0. 

(e) We now have to add the flux through ali six faces. One can easily verify that the flux 
through the front face is zero, while that through the right face is the opposite of that 
through the left one, or +16 N-m /C. Thus the net flux through the cube is 

O = (-72 + 24- 16 + 0 + 0+ 16) N-m 2 /C = - 48 N-m 2 /C. 


3. We use <£> = É Ã, where Ã = A] = (l.40m) 2 j . 

(a) O = (6.00 N/C) i- (1.40 m) 2 j = 0. 

(b) O =(-2.00 N/C)j-(l.40m) 2 j = -3.92N-m 2 /C 

(c) 0 = T(-3.OO N/C)i + (400N/C)kl-(l.40m) 2 j = 0. 

(d) The total flux of a uniform field through a closed surface is always zero. 


4. There is no flux through the sides, so we have two "inward" contributions to the flux, 
one from the top (of magnitude (34)(3.0) 2 ) and one from the bottom (of magnitude 
(20)(3.0) 2 ). With "inward" flux being negative, the result is O = - 486 N-m 2 /C. Gauss' 
law then leads to 


q mc =£ 0 O = (8.85xl(T 12 C 2 /N-m 2 )(-486 N-m 2 /C) = -4.3xl(T 9 C. 


5. We use Gauss' law: s 0 O = q , where O is the total flux through the cube surface and q 
is the net charge inside the cube. Thus, 


6. The flux through the flat surface encircled by the rim is given byO = na 2 E. Thus, the 
flux through the netting is 

O' = -O = -xa 2 E = -x(0.U m) 2 (3.0x 1(T 3 N/C) = -1. lx 1(T 4 N • m 2 /C . 


7. To exploit the symmetry of the situation, we imagine a closed Gaussian surface in the 
shape of a cube, of edge length d, with a proton of charge g = +1.6xl0~ 19 C situated at 
the inside center of the cube. The cube has six faces, and we expect an equal amount of 
flux through each face. The total amount of flux is O net = q/so, and we conclude that the 
flux through the square is one-sixth of that. Thus, 


0 = 


l.óxlO -19 C 



o 



8. We note that only the smaller shell contributes a (non-zero) field at the designated 
point, since the point is inside the radius of the large sphere (and E = 0 inside of a 
spherical charge), and the field points towards the-^direction. Thus, with R = 0.020 m 
(the radius of the smaller shell), L = 0.10 m and x = 0.020 m, we obtain 

£ ev ^ 1 47rR 2 a 2 « R 2 a 2 « 

E = E(-j) = —t) = 2 J = 2 J 

4x£ 0 r 47rs 0 (L-x) s Q (L-x) 

= (0-020 m ) ; (4.Q X 10-'C/m-) H _ 2 . 8xl0 < N/c)j . 

(8.85xl0 12 C 2 /N-m 2 )(0.10m-0.020m) 2 v ' 


9. Let A be the area of one face of the cube, E u be the magnitude of the electric field at the 
upper face, and E, be the magnitude of the field at the lower face. Since the field is 
downward, the flux through the upper face is negative and the flux through the lower face 
is positive. The flux through the other faces is zero, so the total flux through the cube 
surface is O = A(E t - E u ). The net charge inside the cube is given by Gauss' law: 


q = s 0 O = £ 0 A(E e - E u ) = (8.85 x 1(T 12 C 2 / N • m 2 )(100 m) 2 (100 N/C - 60.0 N/C) 
= 3.54xl0~ 6 C = 3.54//C. 


10. (a) The total surface area bounding the bathroom is 

A = 2(2.5x3.0) + 2(3.0x2.0) + 2(2.0x2.5) 


= 37 m 2 . 


The absolute value of the total electric flux, with the assumptions stated in the problem, is 

l0l = l^£-il = l£IA = (6OON/C)(37 m 2 ) = 22xl0 3 N-m 2 /C. 
By Gauss' law, we conclude that the enclosed charge (in absolute value) is 

7 3 

| q | = E A <D 1 = 2.0x10 C. Therefore, with volume V = 15 m\ and recognizing that we 
are dealing with negative charges, the charge density is 


\q enc \ 2.0xl0~ 7 C , , in _ 8 _. 3 

p = 5 — = 1.3x10 C/m . 

V 15 m 3 

(b) We find (\q enc \/e)/V = (2.0 x ÍO^C/I.Ó x 10~ 19 C)/15 m 3 = 8.2 x 10 10 excess electrons 
per cubic meter. 


11. (a)LetA = (1.40 m) 2 . Then 


= (3.00yjV(-Aj) +Í3.OO3; j)-(Aj) =(3.00)(1.40)(1.40) 2 =8.23 N-m 2 /C. 

\ I \ I y-() \ I \ I y=1.40 


(b) The charge is given by 

q enc =£ 0 O= (8.85 xl0 12 C 2 /N-m 2 ) (8.23 N-m 2 /c) = 7.29 x IO" 11 C. 

(c) The electric field can be re-written as É = 3.00y j + È 0 , where È 0 = -4.00i + 6.00j is a 
constant field which does not contribute to the net flux through the cube. Thus O is still 
8.23 N-m 2 /C. 

(d) The charge is again given by 

q enc =£ 0 O= (8.85 xl0 12 C 2 /N-m 2 ) (8.23 N-m 2 /c) = 7.29 x IO" 11 C. 


12. Eq. 23-6 (Gauss' law) gives s 0 0 = q eDC ■ 

(a) Thus, the value O = 2.0 x 10 5 N • m 2 /C for small r leads to 

= £<P = (8-85 x 10 12 C 2 /N ■ m 2 )(2.0 x IO 5 N • m 2 /C) = 1 .77 x 10~ 6 C » 1 .8 x 10~ 6 C . 

(b) The next value that O takes is O = -4.0 x 10 5 N-m 2 /C , which implies 
<7enc = -3.54xlO"C. But we have already accounted for some of that charge in part (a), so 
the result for part (b) is 

<?A = <?enc - ^central = - 5.3 X 10~ 6 C. 

(c) Finally, the large r value for O is O = 6.0 x IO 5 N-m 2 /C , which implies 
g totalenc = 5.31xl0~ 6 C. Considering what we have already found, then the result is 

^totalenc-^ "Central =+8-9//C. 


13. The total flux through any surface that completely surrounds the point charge is g/s 0 . 

(a) If we stack identical cubes side by side and directly on top of each other, we will find 
that eight cubes meet at any corner. Thus, one-eighth of the field lines emanating from 
the point charge pass through a cube with a corner at the charge, and the total flux 
through the surface of such a cube is q/Seo. Now the field lines are radial, so at each of 
the three cube faces that meet at the charge, the lines are parallel to the face and the flux 
through the face is zero. 

(b) The fluxes through each of the other three faces are the same, so the flux through each 
of them is one-third of the total. That is, the flux through each of these faces is (l/3)(g/8so) 
= q/24e 0 . Thus, the multiple is 1/24 = 0.0417. 


14. None of the constant terms will result in a nonzero contribution to the flux (see Eq. 
23-4 and Eq. 23-7), so we focus on the x dependent term only. In Si units, we have 

A 

£non-constant — 3jC 1 . 

The face of the cube located at x = 0 (in the yz plane) has area A = 4 m 2 (and it "faces" the 

A 

+i direction) and has a "contribution" to the flux equal to iSnon-constam^ = (3)(0)(4) = 0. 

A 

The face of the cube located at x = -2 m has the same area A (and this one "faces" the -i 
direction) and a contribution to the flux: 

-£non-co„stantA = -(3)( -2)(4) = 24 N-m/C 2 . 

Thus, the net flux is O = 0 + 24 = 24 N-m/C . According to Gauss' law, we therefore 
have 4 enc = s 0 0 = 2.13 x 10 _10 C. 


15. None of the constant terms will result in a nonzero contribution to the flux (see Eq. 
23-4 and Eq. 23-7), so we focus on the x dependent term only: 

2 í 

^non-constant — (-4.00/) i (inSIunits) . 

2 A 

The face of the cube located at y = 4.00 has area A = 4.00 m (and it "faces" the +j 
direction) and has a "contribution" to the flux equal to 

£non-co„stantA = (-4)(4 2 )(4) = -256 N-m/C 2 . 

The face of the cube located at y = 2.00 m has the same area A (however, this one "faces" 

A 

the -j direction) and a contribution to the flux: 

-£non-constantA = " ("4)(2 2 )(4) = 64 N-m/C 2 . 

Thus, the net flux is O = (-256 + 64) N-m/C 2 = -192 N-m/C 2 . According to Gauss's law, 
we therefore have 

q enc = s Q ® = (8.85 x IO" 12 C 2 /N • m 2 )(-192 N • m 2 /C) = -1.70x 10~ 9 C. 


16. The total electric flux through the cube is O = (j)E-dA . The net flux through the two 
faces parallel to the yz plane is 

<S> yz =ll[E x (x = x 2 )-E x (x = x l )]dydz = l y ^dy^^ 
= 6f 2=1 M^ 3 * = 6(l)(2) = 12. 

Similarly, the net flux through the two faces parallel to the xz plane is 

°- = íí [ £ > ( ^ = ^2 ) - ^> ( ^ = )] = £"17 ^ J^l7 ^[-3 - (-3)] = 0 , 

and the net flux through the two faces parallel to the xy plane is 

® xy = jj [E z (z = z 2 ) - E z (z = Zl )] dxdy = dxj^ dy(3b-b) = 2b(3)(í) = 6b. 

Applying Gauss' law, we obtain 

q enc =e í p = e 0 (O xy +O xz +O yz ) = s l) (6.00b + 0 + 12.0) = 24.0s 0 

which implies that b = 2.00 N/C • m . 


2 2 

17. (a) The area of a sphere may be written 4nR = kD . Thus, 


q 2.4X10 6 C . . in _ v _. 2 
<j = — L - = ^ = 4.5x10 C/m . 

kD 2 ^(1.3 m) 2 
(b) Eq. 23-11 gives 

_ a 4.5 x IO" 7 C/m 2 


18. Eq. 23-6 (Gauss' law) gives s 0 0 = Menc- 
ia) The value O = -9.0 x IO 5 N-m 2 /C for small r leads to g centra i = - 7.97 x 1CT 6 C or 
roughly - 8.0 uC. 

(b) The next (non-zero) value that O takes is O = +4.0xl0 5 N-m 2 /C, which implies 
^enc =3.54xlO~ 6 C. But we have already accounted for some of that charge in part (a), so 
the result is 

qA = <?enc - Reentrai = 1 1 .5 X IO" 6 C « 12 juC . 

(c) Finally, the large r value for O is O = -2.0xl0 5 N-m 2 /C, which implies 
<7totaienc = -1 -77 x 10~ 6 C. Considering what we have already found, then the result is 

total ene ~ ÇA ~ Reentrai = —5.3 (O.C. 


19. (a) The charge on the surface of the sphere is the product of the surface charge 
density cr and the surface area of the sphere (which is 4nr 2 , where r is the radius). Thus, 


1 O 

q = 4nr 2 a = 4n — — I (SAxlQ 6 C/m 2 ) = 3.7 x IO" 5 C. 


(b) We choose a Gaussian surface in the form of a sphere, concentric with the conducting 
sphere and with a slightly larger radius. The flux is given by Gauss's law: 


0 = 


q _ 3.66x10 C 
e 0 ~8.85xl0~ 12 C 2 /N-m 2 


4.1xl0 6 N-m7C 


20. Using Eq. 23-11, the surface charge density is 

a = Es Q =(2.3xl0 5 N/C)(8.85xl(T 12 C 2 /N-m 2 ) = 2.0 x IO" 6 C/m 2 . 


21. (a) Consider a Gaussian surface that is completely within the conductor and surrounds 
the cavity. Since the electric field is zero everywhere on the surface, the net charge it 
encloses is zero. The net charge is the sum of the charge q in the cavity and the charge q w 
on the cavity wall, so q + q w = 0 and q w = -q = -3.0 x 1CT 6 C. 

(b) The net charge Q of the conductor is the sum of the charge on the cavity wall and the 
charge q s on the outer surface of the conductor, so Q = q w + q s and 


q s =Q-q m =(l0xl(T 6 C)-(-3.0xlCT 6 C) = +1.3xlCT 5 C. 


22. We imagine a cylindrical Gaussian surface A of radius r and unit length concentric 
with the metal tube. Then by symmetry (j) È-dÂ = 2nrE = 

J A c 

(a) For r < R, q enc = 0,soE = 0. 

(b) For r > R, q eDC = X, so E(r) = \l 2nrs a .W\Úi A = 2.00xl0" 8 C/m and r = 2.007? = 
0.0600 m, we obtain 


E = 


2.0x10 C/m 


2tt(0.0600 m)(8.85xl0 12 C 2 /N-m 2 ) 


= 5.99x10' N/C. 


(c) The plot of E vs. r is shown below. 


E 


10000 ■ 


Here, the maximum value is 


-r r 


(2.0 x IO" 8 C/m) 


2nre Q 2tt(0.030 m)(8.85xl0 12 C 2 /N-m 2 ) 


= 1.2xl0 4 N/C. 


23. The magnitude of the electric field produced by a uniformly charged infinite line is E 
= \/2mor, where X is the linear charge density and r is the distance from the line to the 
point where the field is measured. See Eq. 23-12. Thus, 


X = 2ns () Er = 2n (8.85x10 ~ n C 2 /N-m 2 )(4.5xl0 4 N/C)(2.0 m) = 5.0xl(T 6 C/m. 


24. We combine Newton' s second law (F = ma) with the definition of electric field 
(F = qE) and with Eq. 23-12 (for the field due to a line of charge). In terms of 

magnitudes, we have (if r = 0.080 m and X = 6.0x 10~ 6 C/m ) 


25. (a) The side surface area A for the drum of diameter D and length h is given by 
A = nDh. Thus, 


q = aA = cjTiDh = 7T£ 0 EDh = tt(S.S5 x 1(T 12 C 2 /N •m 2 )(2.3xl0 5 N/C)(0.12 m)(0.42 m) 
= 3.2x10 7 C. 

(b) The new charge is 


q =q 


' A r 


v 


r nD'ti 
nDh 


= (3.2xlO" 7 C) 


(8.0 cm)(28 cm) 
(12 cm) (42 cm) 


= 1.4x10 7 C. 


26. We reason that point P (the point on the x axis where the net electric field is zero) 
cannot be between the lines of charge (since their charges have opposite sign). We 
reason further that P is not to the left of "line 1" since its magnitude of charge (per unit 
length) exceeds that of "line 2"; thus, we look in the region to the right of "line 2" for P. 
Using Eq. 23-12, we have 


^net — E t + E 2 —■ 


2\ 


■ + - 


2/L 


Aks q (x + L/2) Aks q (x-L/2) 
Setting this equal to zero and solving for x we find 


À l + À. 


■2 J 


6.0//C/m-(-2.0//C/m) 
6.0//C/m + (-2.0//C/m) 


8.0 cm 


= 8.0 cm. 


27. We assume the charge density of both the conducting cylinder and the shell are 
uniform, and we neglect fringing effect. Symmetry can be used to show that the electric 
field is radial, both between the cylinder and the shell and outside the shell. It is zero, of 
course, inside the cylinder and inside the shell. 

(a) We take the Gaussian surface to be a cylinder of length L, coaxial with the given 
cylinders and of larger radius r than either of them. The flux through this surface is 
O = 2nrLE, where E is the magnitude of the field at the Gaussian surface. We may 
ignore any flux through the ends. Now, the charge enclosed by the Gaussian surface is 

— 12 

<?enc = Ql + Qi = -Qi= -3.40x10 C. Consequently, Gauss' law yields 2nrs {) LE = g enc , 
or 

E—*b— -3.40xlQ' 2 C -0214 N/C 

2ne 0 Lr 2;r(8.85xl0 12 C 2 /N-m 2 ) (11.0 m)(20.0xl. 30x10 ^) 

or l£ 1 = 0.214 N/C. 

(b) The negative sign in E indicates that the field points inward. 


(c) Next, for r = 5.00 R\, the charge enclosed by the Gaussian surface is q enc = Qi = 


3.40x10 12 C. Consequently, Gauss' law yields 2nrs 0 LE = q enc , or 


£ = ^ = B , 3.40x10^ C _ 0.855 N/C. 

27T£ Q Lr 2;r(8.85xl0 12 C / N • m ) (1 1.0 m)(5.00x 1.30x 10 m) 

(d) The positive sign indicates that the field points outward. 

(e) we consider a cylindrical Gaussian surface whose radius places it within the shell 
itself. The electric field is zero at ali points on the surface since any field within a 
conducting material would lead to current flow (and thus to a situation other than the 
electrostatic ones being considered here), so the total electric flux through the Gaussian 
surface is zero and the net charge within it is zero (by Gauss' law). Since the central rod 
has charge Q\, the inner surface of the shell must have charge Q ín = -Q\= -3.40xl0~ 12 C. 


(f) Since the shell is known to have total charge Q 2 = -2.00<2i, it must have charge Q out = 
02- Qin = -Q\= -3.40xlO~ 12 C on its outer surface. 


28. As we approach r = 3.5 cm from the inside, we have 


K^=- A — = 1000 N/C 


And as we approach r = 3.5 cm from the outside, we have 

2Ã 2Ã ' 
E , = + = -3000 N/C 

externai * * 


Considering the difference (Externai - Eintemai ) allows us to find X' (the charge per unit 
length on the larger cylinder). Using r = 0.035 m, we obtain^' =-5.8 x 10 9 C/m. 


29. We denote the inner and outer cylinders with subscripts i and o, respectively. 
(a) Since r, < r = 4.0 cm < r a , 


£(r) = ^ = ?/>» 10 ' Clm ^ = 2.3x10' N/C. 

2ns Q r 27t(8.85x10" 12 C 2 /N-m 2 )(4.0xl0" 2 m) 


(b) The electric field£'(r) points radially outward. 

(c) Since r > r Q , 


, , on X i +X 0 5.0xl0 6 C/m-7.0xl0- 6 C/m 1Ç ,, r XT/r . 

£(r = 8.0 cm - = — = -4.5x10 N/C 

2ns Q r 2.x (8.85 x IO 12 C 2 /N-m 2 )(8.0xl0" 2 m) 


or I E(r = 8.0 cm) 1= 4.5 x 10 5 N/C. 

(d) The minus sign indicates that E(r) points radially inward. 


30. (a) In Eq. 23-12, X = q/L where q is the net charge enclosed by a cylindrical Gaussian 
surface of radius r. The field is being measured outside the system (the charged rod 
coaxial with the neutral cylinder) so that the net enclosed charge is only that which is on 
the rod. Consequently, 


2X _ 2(2.0 xlO^C/m) 
4^ 0 (0.15m) 


4ne 0 r 


= 2.4xl0 2 N/C. 


(b) Since the field is zero inside the conductor (in an electrostatic configuration), then 
there resides on the inner surface charge -q, and on the outer surface, charge +q (where q 
is the charge on the rod at the center). Therefore, with r t = 0.05 m, the surface density of 
charge is 

-q X 2.0xlO- 9 C/m ^ A 1A . , 2 

cr. = — — = = = -6.4x10 C/m 

Inr.L 2nr. 2^-(0.050 m) 


inner 


for the inner surface. 


(c) With r„ = 0.10 m, the surface charge density of the outer surface is 


31. We denote the radius of the thin cylinder as R = 0.015 m. Using Eq. 23-12, the net 
electric field for r > R is given by 


/:...-/: ;/:.., - - • ' 


net wire cylinder ^ ^ 

where -X = -3.6 nC/m is the linear charge density of the wire and X' is the linear charge 
density of the thin cylinder. We note that the surface and linear charge densities of the 
thin cylinder are related by 

Cylinder = CJ{2kRL) ^>X' = CJ{2kR). 

Now, £net outside the cylinder will equal zero, provided that 2kR<j= X, or 

A 3.6 x IO" 6 C/m ^ 2 

cr = = = 3.8x10 C/m . 

2nR (2tt)(0.015 m) 


32. To evaluate the field using Gauss' law, we employ a cylindrical surface of area 2n r L 
where L is very large (large enough that contributions from the ends of the cylinder 
become irrelevant to the calculation). The volume within this surface is V = n r L, or 
expressed more appropriate to our needs: dV = 2n r L dr. The charge enclosed is, with 
A = 2.5xl(T 6 C/m 5 , 

<7pn, = í " Ar 2 2nrLdr = —ALr 4 . 

iene J Q 2 

Ar 3 

By Gauss' law, we find O = \E I (2nrL) = q enc I s 0 ; we thus obtain E = . 

(a) With r = 0.030 m, we find IE 1 = 1.9 N/C. 

(b) Once outside the cylinder, Eq. 23-12 is obeyed. To find X = q/L we must find the total 
charge q. Therefore, 

q 1 f o.o4 2 


= - í Ar 2 27rrLdr = 1.0xlO n C/m. 
T Jo 


L L 


And the result, for r = 0.050 m, is I Ê I = A/2^ 0 r = 3.6 N/C. 


33. In the region between sheets 1 and 2, the net field is E x - E 2 + E 3 = 2.0 x 10 5 N/C . 

In the region between sheets 2 and 3, the net field is at its greatest value: 

Ei + E 2 + E 3 = 6.0 x IO 5 N/C . 

The net field vanishes in the region to the right of sheet 3, where Ex + E 2 = £3 . We note 
the implication that 03 is negative (and is the largest surface-density, in magnitude). 
These three conditions are sufficient for finding the fields: 

E x = 1.0 x 10 5 N/C , E 2 = 2.0 x 10 5 N/C , E 3 = 3.0 x 10 5 N/C . 

From Eq. 23-13, we infer (from these values of E) 

Içai _ 3.0 x 10 5 N/C 

lo 2 l ~ 2.0 x IO 5 N/C ~ L5 • 

Recalling our observation, above, about 03, we conclude = -1.5 . 

CT2 


34. According to Eq. 23-13 the electric field due to either sheet of charge with surface 

—22 2 

charge density cr= 1.77x 10 C/m is perpendicular to the plane of the sheet (pointing 
away from the sheet if the charge is positive) and has magnitude E = o/2s 0 . Using the 
superposition principie, we conclude: 

(a) E = o/so= (1.77 x 1(T 22 C/m 2 )/(8.85 x IO" 12 C 2 /N-m 2 ) = 2.00XKT 11 N/C, pointing in 
the upward direction, or £' = (2.00xl0 _11 N/C)j. 

(b) £ = 0; 

(c) and, E = o/s 0 , pointing down, or É = -(2.00xl0 -11 N/C)j . 


35. (a) To calculate the electric field at a point very close to the center of a large, 
uniformly charged conducting plate, we may replace the finite plate with an infinite plate 
with the same area charge density and take the magnitude of the field to be E = o/eo, 
where cr is the area charge density for the surface just under the point. The charge is 
distributed uniformly over both sides of the original plate, with half being on the side 
near the field point. Thus, 

q 6.0xl(T 6 C , „ 1A _ 4 _. 2 

cr = — = ^ = 4.69x10 C/m 2 . 

2A 2(0.080 m) 2 

The magnitude of the field is 

E _a_ 4.69x10- C/nr 53xl0 , N/c 
s Q 8.85 x IO" 12 C 2 /N-m 2 

The field is normal to the plate and since the charge on the plate is positive, it points 
away from the plate. 

(b) At a point far away from the plate, the electric field is nearly that of a point particle 
with charge equal to the total charge on the plate. The magnitude of the field is 
E = ql 47T£ Q r 2 = kql r 2 , where r is the distance from the plate. Thus, 

Í8.99xl0 9 N-m 2 /C 2 )Í6.0xlO- 6 c) 

E = ± P ^- = 60 N/C. 

(30 m) 


36. The charge distribution in this problem is equivalent to that of an infinite sheet of 

—12 2 

charge with surface charge density cr= 4.50 xlO C/m plus a small circular pad of 
radius R = 1.80 cm located at the middle of the sheet with charge density -cr. We denote 
the electric fields produced by the sheet and the pad with subscripts 1 and 2, respectively. 

— » — » 

Using Eq. 22-26 for E 2 , the net electric field E at a distance z = 2.56 cm along the 
central axis is then 


E = E l +E 2 


cr 


2 +R 2 ) 2sJz 2 +R 2 
(4.50xl0~ 12 C/m 2 )(2.56xl0" 2 m) 



k 


v 


2s. 



k = (0.208 N/C) k 


37. Weuse Eq. 23-13. 

(a) To the left of the plates: 

É = ( cr / 2s Q ) ( - i) (from the right plate) + (cr / 2s Q )i (from the left one) = 0. 

(b) To the right of the plates: 

È = ( cr / 2s 0 ) i (from the right plate) + (cr / 2e 0 ) ( - i) (from the left one) = 0. 

(c) Between the plates: 


f \ 


E = 


(-i) + 


( \ 
cr 


( \ 
cr 


(-i) = - 


7.00 x IO' 22 C/m 2 
v 8.85xl(T I2 C 2 /N-m 2 y 


i = (-7.91x10" 


38. We use the result of part (c) of Problem 23-35 to obtain the surface charge density. 
E = a/s Q ^a = s 0 E = (8.85x 10 12 C 2 /N • m 2 ) (55 N/C) = 4.9x 1(T 10 C/m 2 . 

Since the area of the plates is A = 1 .0 m 2 , the magnitude of the charge on the plate is 
g = o-A = 4.9xlO" 10 C. 


39. The charge on the metal plate, which is negative, exerts a force of repulsion on the 
electron and stops it. First find an expression for the acceleration of the electron, then use 
kinematics to find the stopping distance. We take the initial direction of motion of the 
electron to be positive. Then, the electric field is given by E = o/so, where cris the surface 
charge density on the plate. The force on the electron is F = -eE = -ed&o and the 
acceleration is 


where m is the mass of the electron. The force is constant, so we use constant acceleration 
kinematics. If vo is the initial velocity of the electron, v is the final velocity, and x is the 
distance traveled between the initial and final positions, then v 2 - v\ = 2ax. Set v = 0 and 
replace a with -ed&om, then solve for x. We find 


F 


a= — = — 
m 



Now \ 


mv\ is the initial kinetic energy K 0 , so 


x = 



40. The field due to the sheet is E = ^~ . The force (in magnitude) on the electron (due to 
that field) is F = eE, and assuming it's the only force then the acceleration is 

a = = slope of the graph ( = 2.0 x 10 5 m/s divided by 7.0 x IO 12 s) . 

Thus we obtain a = 2.9 x IO -6 C/m 2 . 



41. The forces acting on the bali are shown in the diagram on the 
right. The gravitational force has magnitude mg, where m is the 
mass of the bali; the electrical force has magnitude qE, where q is 
the charge on the bali and E is the magnitude of the electric field at 
the position of the bali; and, the tension in the thread is denoted by 
T. The electric field produced by the plate is normal to the plate and 
points to the right. Since the bali is positively charged, the electric 
force on it also points to the right. The tension in the thread makes 
the angle 6 (= 30°) with the vertical. 


Since the bali is in equilibrium the net force on it vanishes. The sum of the horizontal 
components yields 

qE-Tsin 0=0 
and the sum of the vertical components yields 

T cos 6 - mg = 0 . 

The expression T = qElún 6, from the first equation, is substituted into the second to 
obtain qE = mg tan 0. The electric field produced by a large uniform plane of charge is 
given by E = of2e 0 , where cr is the surface charge density. Thus, 


and 


qa_ 
2s n 


= mg tan 6 


2s Q mgt<m6 2(8.85xlCT 12 C 2 /N.m 2 )(l.0xlCT 6 kg)(9.8 m/s 2 )tan30° 
~ q " 2.0x10 s C 

= 5.0x10 9 C/m 2 . 


42. The point where the individual fields cancel cannot be in the region between the sheet 
and the particle (-d < x < 0) since the sheet and the particle have opposite-signed charges. 
The point(s) could be in the region to the right of the particle (x > 0) and in the region to 
the left of the sheet (x < d); this is where the condition 

\a\ = Q 

2s 0 47T£ Q r 2 

must hold. Solving this with the given values, we find r = x = ±^3/2^ * ± 0.691 m. 

If d = 0.20 m (which is less than the magnitude of r found above), then neither of the 
points (x « + 0.691 m) is in the "forbidden region" between the particle and the sheet. 
Thus, both values are allowed. Thus, we have 

(a) x = 0.691 m on the positive axis, and 

(b) x = - 0.691 m on the negative axis. 

(c) If, however, d = 0.80 m (greater than the magnitude of r found above), then one of the 
points (x « -0.691 m) is in the "forbidden region" between the particle and the sheet and 
is disallowed. In this part, the fields cancel only at the point x « +0.691 m. 


43. We use a Gaussian surface in the form of a box with rectangular sides. The cross 
section is shown with dashed lines in the diagram below. It is centered at the central plane 
of the slab, so the left and right faces are each a distance x from the central plane. We 
take the thickness of the rectangular solid to be a, the same as its length, so the left and 
right faces are squares. 


The electric field is normal to the left and right faces and is uniform 
over them. Since p = 5.80 fC/m 3 is positive, it points outward at 
both faces: toward the left at the left face and toward the right at the 
right face. Furthermore, the magnitude is the same at both faces. 
The electric flux through each of these faces is Ea . The field is 
parallel to the other faces of the Gaussian surface and the flux 
through them is zero. The total flux through the Gaussian surface is 

2 2 

O = 2Ea . The volume enclosed by the Gaussian surface is 2a x 
and the charge contained within it is q = 2a 2 xp . Gauss' law yields 


a 


2so£a 2 = 2a xp. 


We solve for the magnitude of the electric field: E = pxl ' s 0 . 


(a) Forjt=0,£=0. 


(b) For x = 2.00 mm = 2.00 x 10 J m, 


, = p, = (5.80xl0-" C/ m ;)(2.00x 1 Q-3 m) = ^ 


8.85xl0 12 C 2 /N-m 2 


(c) For x = d/2 = 4.70 mm = 4.70 x 10 m, 


£ = £ x = ff.80xl^Cta'X4.70xl0^m) ^ 


8.85xl(T 12 C 2 /N-m 


(d) For x = 26.0 mm = 2.60 x 10 2 m, we take a Gaussian surface of the same shape and 
orientation, but with x > d/2, so the left and right faces are outside the slab. The total flux 

2 2 

through the surface is again O = 2Ea but the charge enclosed is now q = a dp. Gauss' 

2 2 

law yields 2& 0 Ea = a dp, so 


E = 


pd _ (5.80xl0~ 15 C/m 3 )(9.40xl0" 3 m) 


2e n 


2(8.85 x IO" 12 C7N-m z ) 


= 3.08x10 N/C. 


44. (a) The flux is still -750 N • m 2 /C , since it depends only on the amount of charge 
enclosed. 

(b) We use O = ql s 0 to obtain the charge q: 

q = £ o 0 = (8.85 x 10 12 C 2 /N • m 2 ) (-750 N • m 2 / C) = -6.64xl0~ 9 C. 


45. Charge is distributed uniformly o ver the surface of the sphere and the electric field it 
produces at points outside the sphere is like the field of a point particle with charge equal 
to the net charge on the sphere. That is, the magnitude of the field is given by E = 
\q\/4nsor , where \q\ is the magnitude of the charge on the sphere and r is the distance 
from the center of the sphere to the point where the field is measured. Thus, 

(0.15 m) 2 (3.0xl0 3 N/C) 

\q\ = 4n£ n r 2 E = - '-\ ^ = 7.5x10^ C. 

8.99xl0 9 N-m 2 /C 2 


The field points inward, toward the sphere center, so the charge is negative, i.e., 
4 = -7.5xlCT 9 C. 


46. We determine the (total) charge on the bali by examining the maximum value (E = 
5.0 x IO 7 N/C) shown in the graph (which occurs at r = 0.020 m). Thus, from 
E = ql 4ft£ Q r 2 , we obtain 

2 (0.020 m) 2 (5.0xlQ 7 N/C) 6 

q = 47rs.,rE = -— = 2.2x10 C. 

0 8.99xl0 9 N-m 2 /C 2 


47. (a) Since n = 10.0 cm< r = 12.0 cm< r 2 = 15.0 cm, 


1 a Í8.99xl0 9 N-m 2 /C 2 )(4.00xl0~ 8 c) 

E(r)=— —\ = ± '-\ ^ = 2.50xl0 4 N/C. 

4ns 0 r (0.120 m) 

(b) Since r\ < r 2 < r = 20.0 cm, 

1 a +a Í8.99xl0 9 N-m 2 /C 2 )(4.00 + 2.00)(lxl0" 8 C) 

E(r) = = ^ , ^ >- = 1.35 x IO 4 N/C. 

4tw? 0 r 2 (0.200 m 2 ) 


48. The point where the individual fields cancel cannot be in the region between the 
shells since the shells have opposite-signed charges. It cannot be inside the radius R of 
one of the shells since there is only one field contribution there (which would not be 
canceled by another field contribution and thus would not lead to zero net field). We note 
shell 2 has greater magnitude of charge (la 2 IA 2 ) than shell 1, which implies the point is 
not to the right of shell 2 (any such point would always be closer to the larger charge and 
thus no possibility for cancellation of equal-magnitude fields could occur). Consequently, 
the point should be in the region to the left of shell 1 (at a distance r> R x from its center); 
this is where the condition 


=> 


\q x \ \q 2 \ 


Ans^r 1 Ans^r + Lf 


or 


\<j 2 \A 1 


Ans^r 2 


Ax£ 0 (r + L) 2 


2 

Using the fact that the area of a sphere is A = AnR , this condition simplifies to 


L 


r = 



= 3.3 cm . 


We note that this value satisfies the requirement r > R r . The answer, then, is that the net 
field vanishes atx = -r = -3.3 cm. 


49. To find an expression for the electric field inside the shell in terms of A and the 
distance from the center of the shell, select A so the field does not depend on the distance. 
We use a Gaussian surface in the form of a sphere with radius r g , concentric with the 
spherical shell and within it (a <r g < b). Gauss' law will be used to find the magnitude of 
the electric field a distance r g from the shell center. The charge that is both in the shell 
and within the Gaussian sphere is given by the integral q, = íp dV over the portion of the 
shell within the Gaussian surface. Since the charge distribution has spherical symmetry, 
we may take dV to be the volume of a spherical shell with radius r and infinitesimal 
thickness dr. dV = 4nr 2 dr . Thus, 


The electric field is radial, so the flux through the Gaussian surface is O = 4nr 2 E , where 
E is the magnitude of the field. Gauss' law yields 


pr dr - Ah \ — r . 

a J a f 


dr = 47T A r dr = 2n A [r -a 


The total charge inside the Gaussian surface is 



Ans Q Er 2 g =q + 2n A(r 2 g -a 2 ). 


We solve for E: 


E = 


1 


' Y + 2nA- 


2nAa 2 


Ans, 


2 


0 


r, 


g 


r. 


g 


For the field to be uniform, the first and last terms in the brackets must cancel. They do if 
q - 2nAa = 0 or A = q/2na 2 . With a = 2.00 x 10~ 2 m and q = 45.0 x 10~ 15 C, we have 
A = 1.79xlO" n C/m 2 . 


50. The field is zero for 0 < r <a as a result of Eq. 23-16. Thus, 

(a) E = 0 at r = 0, 

(b) £ = 0 at r = a/2.00, and 

(c) E = 0 at r = a. 

For a <r the enclosed charge q enc (for a <r <b) is related to the volume by 

'4nr 3 4na 3 " 


<7enc = P 


Therefore, the electric field is 

£ = -' « 
4 

for a< r<b. 


) 


( 4nr 3 4na 3 


47ts 0 r 4ns () r 


3 3 

p r -a 

3s 0 r 2 


(d) For r =1.50a, we have 


E = 


p (1.50a) 3 -a 3 _ pa 
3s Q (1.50a) 2 ~3s 0 


2.375 
2.25 


(1.84x1o" 9 C/m 3 )(0.100 m) 


3(8.85xl0 -12 C 2 /N-m z ) 


2.375 
2.25 


= 7.32 N/C. 


(e) For r = b=2. 00a, the electric field is 


E = 


p (2.00a) 3 -a 3 _ pa 
3ff 0 (2.00a) 2 ~ 3c 0 


(1.84 x1o" 9 C/m 3 )(0.100 m) 


3(8.85xl0 -12 C 2 /N-m z ) 


= 12.1 N/C. 


(f) For r>bwe have £ = a total /4n£ 0 r 2 or 


E = 


p b 3 -a 3 
3s Q r 2 


Thus, for r = 3.00b = 6.00a, the electric field is 


E = 


p (2.00a) 3 -a 3 pa 


í i \ 


3s 0 (6.00a) 2 


3s, 


o v36y 


(1.84xl0 -9 C/m 3 )(0.100 m) 


f n \ 


3(8.85xl0 12 C 2 /N-m 2 ) 


v36 y 


= 1.35 N/C. 


5 1 . At ali points where there is an electric field, it is radially outward. For each part of the 
problem, use a Gaussian surface in the form of a sphere that is concentric with the sphere 
of charge and passes through the point where the electric field is to be found. The field is 

uniform on the surface, so <p È ■ dA = 4nr 2 E , where r is the radius of the Gaussian surface. 
For r < a, the charge enclosed by the Gaussian surface is qi(ría) . Gauss' law yields 


Anr 2 E = 


í \ 
<7i 


\ E o j 


[a) 


Ansiei 


(a) For r = 0, the above equation implies E = 0. 

(b) For r = a/2, we have 


E= ^2) = ( 8 .99xl0-N.mVC')(5.00xl0-C) =5 62xi0 _ 2 
Ans () a 2(2.00xl0" 2 m) 2 

(c) For r = a, we have 

E _ q x _ (8.99xl0 9 N-m 2 /C 2 )(5.00xl0 15 C) _ 0 n2N/c 
47T£ 0 a 2 (2.00xl0" 2 m) 2 

In the case where a < r < b, the charge enclosed by the Gaussian surface is q\, so Gauss' 
law leads to 


Anr l E = ^- => E = 

£ 0 A7ts Q r l 


(d) For r = 1.50a, we have 


_ft^ = (g.99xl0>N.m'A?X5^0xl0-O 
Axsy (1.50x2.00xl0" 2 m) 2 

(e) In the region b <r<c, since the shell is conducting, the electric field is zero. Thus, for 
r = 2.30a, we have E = 0. 

(f) For r > c, the charge enclosed by the Gaussian surface is zero. Gauss' law yields 
4nr 2 E = 0^E = 0. Thus, E = 0 at r = 3.50a. 

(g) Consider a Gaussian surface that lies completely within the conducting shell. Since 
the electric field is every where zero on the surface, §É -dÂ = 0 and, according to Gauss' 

law, the net charge enclosed by the surface is zero. If Qi is the charge on the inner surface 
of the shell, then q x + Q, ■ = 0 and Qi = -q\ = -5.00 fC. 

(h) Let Q 0 be the charge on the outer surface of the shell. Since the net charge on the shell 
is -q, Qi + Q 0 = -q\. This means 

Qo = -q\ - Qi = -q\ -i-q\) = 0. 


52. Let E A designate the magnitude of the field at r = 2.4 cm. Thus E A = 2.0 x IO 7 N/C, 
and is totally due to the particle. Since E pmúde = q/4as 0 r 2 , then the field due to the 

particle at any other point will relate to E A by a ratio of distances squared. Now, we note 
that at r = 3.0 cm the total contribution (from particle and sheU) is 8.0 x 10 N/C. 
Therefore, 

£shell + £particle = ^shell + (2-4/3) 2 E A = 8.0 X 10 ? N/C . 

Using the value for E A noted above, we find .Esheii = 6.6 x IO 7 N/C. Thus, with r= 0.030 
m, we find the charge Q using E sheB = QI Ans {) r 2 : 


Q = 47T£ Q r 2 E shen = 


r 2 E 


shell 


(0.030 m) 2 (6.6xlQ 7 N/C) 
8.99xl0 9 N-m 2 /C 2 


= 6.6xlO~ 6 C 


53. We use 

£ (r) = _^ = _Lr p(r) 4nr 2 dr 
4ns 0 r 4ns Q r Jo 

to solve for p(r) and obtain 

P(r) = ^[r 2 E(r)] = (& 6 ) = 6fe 0 r\ 
r dr L J r ar 


54. Applying Eq. 23-20, we have 


E,=- 


\q x \ 


1 |gj 

2 4^ 0 i? 2 


Also, outside sphere 2 we have 


£ 2 = 


i? 2 i 


\q 2 1 

4^ () r 2 4^ 0 (1.50i?) 2 


Equating these and solving for the ratio of charges, we arrive at 


55. (a) We integrate the volume charge density over the volume and require the result be 
equal to the total charge: 


j" Jxj" dy j" dzp = 47t| dr r 2 p = Q. 


Substituting the expression p=p s r/R, with p s — 14.1 pC/m , and performing the integration 
leads to 


4n 


or 


Q = np s R 3 = ;r(14.1xl0 12 C/m 3 )(0.0560 m) 3 = 7.78xl0 15 C. 

(b) At r = 0, the electric field is zero (E = 0) since the enclosed charge is zero. 

At a certain point within the sphere, at some distance r from the center, the field (see Eq. 
23-8 through Eq. 23-10) is given by Gauss' law: 


E = 


1 gen 

4ns Q r 2 


where g enc is given by an integral similar to that worked in part (a): 

^enc = 4n^drr 2 p = 4n 



í r4 l 


UJ 


Therefore, 


1 4 i 2 

1 ^o s r 1 np s r 


47rs Q Rr 47ts 0 R 


(c) For r = R/2.00, where R = 5.60 cm, the electric field is 

1 7rp s (R/2.00) 2 1 np s R (8.99xl0 9 N-m 2 /C 2 M14.1xl0" 12 C/m 3 )(0.0560m) 


E = 


47T£ n 


R 


4x£ 0 4.00 


4.00 


= 5.58 x IO" 3 N/C. 
(d) For r = R, the electric field is 


E = 1 np * R = 7 ^-= (8.99x IO 9 N • m 2 /cV(14. lx IO" 12 C/m 3 )(0.0560 m) 


4xe Q R 


47TS, 


= 2.23 x IO" 2 N/C 


(e) The electric field strength as a function of r is depicted below: 

£(N/C) 



56. (a) We consider the radial field produced at points within a uniform cylindrical 
distribution of charge. The volume enclosed by a Gaussian surface in this case is Lnr 2 . 
Thus, Gauss' law leads to 

E _ KJ _lpl(^ 2 )_lplr 


^Aylinder S^illirL) Is, 

(b) We note from the above expression that the magnitude of the radial field grows with r. 

(c) Since the charged powder is negative, the field points radially inward. 

(d) The largest value of r which encloses charged material is r max = R. Therefore, with 
\p\= 0.0011 C/m 3 and R = 0.050 m, we obtain 

_ _ (0.001 1 C/ m ')(0.050 m) 
max 2e 0 2(8.85xl0" 12 C 2 /N-m 2 ) ; 


(e) According to condition 1 mentioned in the problem, the field is high enough to 
produce an electrical discharge (at r = R). 


57. (a) Since the volume contained within a radius of -^R is one-eighth the volume 

contained within a radius of R, so the charge at 0 < r < R/2 is Q/S. The fraction is 1/8 = 
0.125. 

(b) At r = R/2, the magnitude of the field is 

E _ Q/8 _1 Q 

4tt£ q (R/2) 2 2 4tt£ q R 2 

and is equivalent to half the field at the surface. Thus, the ratio is 0.500. 


58. Since the charge distribution is uniform, we can find the total charge q by multiplying 

4 3 

p by the spherical volume ( j nr ) with r = R= 0.050 m. This gives q = 1.68 nC. 


(a) Applying Eq. 23-20 with r = 0.035 m, we have E„ = lglr 3 = 4.2 x 10 3 N/C 


(b) Outside the sphere we have (with r = 0.080 m) 


47rs 0 r z (0.080 m) 2 


I 3 1 _ (8.99 x IO 9 N • m 2 /C 2 )(1 .68 x 10" 9 C) = 2 4 x 1q3 n/( , 


59. The initial field (evaluated "just outside the outer surface" which means it is 
evaluated at r = 0.20 m) is related to the charge q on the hollow conductor by Eq. 23-15. 
After the point charge Q is placed at the geometric center of the hollow conductor, the 
final field at that point is a combination of the initial and that due to Q (determined by Eq. 
22-3). 

(a) q = 47rs 0 r 2 initial = +2.0 x 10 9 C. 

(b) Q= Am 0 r\E fma{ - E initial ) = -1.2 x 10~ 9 C. 

(c) In order to cancel the field (due to Q) within the conducting material, there must be an 
amount of charge equal to -Q distributed uniformly on the inner surface. Thus, the 
answer is +1.2 x 10~ 9 C. 

(d) Since the total excess charge on the conductor is q and is located on the surfaces, then 
the outer surface charge must equal the total minus the inner surface charge. Thus, the 
answer is 2.0 x 10~ 9 C - 1.2 x 10~ 9 C = +0.80 x 10~ 9 C. 


60. The field at the proton's location (but not caused by the proton) has magnitude E. 
The proton's charge is e. The ball's charge has magnitude q. Thus, as long as the proton 
is at r >R then the force on the proton (caused by the bali) has magnitude 


F = eE = c (_0 = -^- 2 

\ Am 0 r J 4m 0 r 


where r is measured from the center of the bali (to the proton). This agrees with 
Coulomb' s law from Chapter 22. We note that if r = R then this expression becomes 

(a) If we require F = \Fr , and solve for r, we obtain r = ^JlR. Since the problem asks 
for the measurement from the surface then the answer is ^2R -R = 0.41/?. 

(b) Now we require Fi nsid e = \f r where / 7 i ns ide= e/wie and /i^ide is given by Eq. 23-20. 


Thus, 

í 


61. (a) At x = 0.040 m, the net field has a rightward (+x) contribution (computed using Eq. 
23-13) from the charge lying between x = -0.050 m and x = 0.040 m, and a leftward (-x) 
contribution (again computed using Eq. 23-13) from the charge in the region from 
^ = 0.040 m to x = 0.050 m. Thus, since a= q/A = pVIA = pAx in this situation, we have 


p(0.090m) p(0.010m) (1.2xlO" 9 C/m 3 )(0.090m-0.010m) 


2e n 


2e n 


2(8.85xl0~ 12 C 2 /N-m 2 ) 


= 5.4N/C. 


(b) In this case, the field contributions from ali layers of charge point rightward, and we 
obtain 

p(0.100m) (1.2xlO" 9 C/m 3 )(0.100m) 


2e n 


2(8.85xl0" 12 C 2 /N-m 2 ) 


= 6.8 N/C. 


62. From Gauss's law, we have 


0 _<?enc _ ™r 2 _ (8.0xlQ- 9 C/m 2 M0.050m) 2 =? ^ ^ 
s 0 £ 0 8.85 x IO" 12 C 2 /N-m 2 


63. (a) For r < R, E = 0 (see Eq. 23-16). 
(b) For r slightly greater than R, 

q q (8.99xl0 9 N-m 2 /C 2 )(2.00xl(r 7 C) 


E„=- 


4tzs 0 r 4%s 0 R 


(0.250m) 2 


= 2.88xl0 4 N/C. 


(c) For r > R, 


E 2 R 

4ne 0 r \r ) 


:(2.88xl0 4 N/c) 


^ 0.250 m V 
3.00 m 


= 200 N/C. 


64. (a) There is no flux through the sides, so we have two contributions to the flux, one 
from the x = 2 end (with 0 2 = +(2 + 2)( n (0.20) 2 ) = 0.50 N-m 2 /C) and one from the x = 0 
end (with O 0 = -(2)( n (0.20) 2 )). 

(b) By Gauss' law we have q enc = s 0 (<D 2 + ©o) = 2.2 x IO" 12 C. 


65. Since the fields involved are uniform, the precise location of P is not relevant; what is 
important is it is above the three sheets, with the positively charged sheets contributing 
upward fields and the negatively charged sheet contributing a downward field, which 
conveniently conforms to usual conventions (of upward as positive and downward as 

negative). The net field is directed upward (+j) , and (from Eq. 23-13) its magnitude is 

,g, = jgL + JgL + JgL = l-OxlOW =565xlQ4N/c 
2e 0 2e 0 2s Q 2(8.85xl(T 12 C 2 /N-m 2 ) ' 


In unit- vector notation, we have £' = (5.65xl0 4 N/C)j. 


66. Let O 0 = 10 3 N • m 2 /C . The net flux through the entire surface of the dice is given by 
0 = è 0 »=Z(- 1 )"^o = ^o(-l + 2-3 + 4-5 + 6) = 30 0 . 

n = 1 n= l 

Thus, the net charge enclosed is 

q = s 0 O = 3^ 0 <D 0 = 3(8.85x IO" 12 C 2 /N • m 2 ) (lO 3 N • m 2 /C) = 2.66x 1CT 8 C. 


67. We choose a coordinate system whose origin is at the center of the flat base, such that 
the base is in the xy plane and the rest of the hemisphere is in the z > 0 half space. 


(a) O = ttR 2 (-k) • Ek = -ttR 2 E = -^-(0.0568 m) 2 (2.50 N/C) = -0.0253 N • m 2 /C. 

(b) Since the flux through the entire hemisphere is zero, the flux through the curved 
surface is Õ c = -O base =nR 2 E = 0.0253 N-m 2 /C. 


68. (a) The direction of the electric field at P\ is away from q\ and its magnitude is 
q (8.99xl0 9 N-m 2 /C 2 )(1.0xlcr 7 C) 


47t£ 0 r 1 


(0.0 15 mV 


= 4.0 x IO 6 N/C. 


(b) E = 0 , since P 2 is inside the metal. 


69. We use Eqs. 23-15, 23-16 and the superposition principie. 

(a) E = 0 in the region inside the shell. 

(b) E = q a /4ns 0 r 2 . 

(c) E = (q a +q h )/47rs Q r 2 . 

(d) Since E = 0 for r < a the charge on the inner surface of the inner shell is always zero. 
The charge on the outer surface of the inner shell is therefore q a . Since E = 0 inside the 
metallic outer shell the net charge enclosed in a Gaussian surface that lies in between the 
inner and outer surfaces of the outer shell is zero. Thus the inner surface of the outer shell 
must carry a charge -q a , leaving the charge on the outer surface of the outer shell to be 


70. The net enclosed charge q is given by 

q = £ () 0 = (8.85 x 1(T 12 C 2 /N • m 2 ) (-48 N • m 2 /c) = -4.2x 1CT 10 C. 


71. The proton is in uniform circular motion, with the electrical force of the sphere on the 
proton providing the centripetal force. According to Newton' s second law, F = mv 2 /r, 
where F is the magnitude of the force, v is the speed of the proton, and r is the radius of 
its orbit, essentially the same as the radius of the sphere. The magnitude of the force on 
the proton is F = eq/4nsor , where q is the magnitude of the charge on the sphere. Thus, 

1 eq mv 2 


4ns () r 2 


so 


_ 4ne Q mv 2 r _ (l.67xl(T 27 kg)(3.00xlQ 5 m/s) 2 (0.0100 m) 
e ~ (8.99xl0 9 N-m 2 /C 2 )(l.60xl0- 9 C) 


The force must be inward, toward the center of the sphere, and since the proton is 
positively charged, the electric field must also be inward. The charge on the sphere is 
negative: q = -1.04 x IO -9 C. 


72. We interpret the question as referring to the field just outside the sphere (that is, at 
locations roughly equal to the radius r of the sphere). Since the area of a sphere is A = 
4nr 2 and the surface charge density is cr = q/A (where we assume q is positive for brevity), 
then 


4nr 


1 


4ns Q r 


which we recognize as the field of a point charge (see Eq. 22-3). 


73. The electric field is radially outward from the central wire. We want to find its 
magnitude in the region between the wire and the cylinder as a function of the distance r 
from the wire. Since the magnitude of the field at the cylinder wall is known, we take the 
Gaussian surface to coincide with the wall. Thus, the Gaussian surface is a cylinder with 
radius R and length L, coaxial with the wire. Only the charge on the wire is actually 
enclosed by the Gaussian surface; we denote it by q. The area of the Gaussian surface is 
2nRL, and the flux through it is O = 2nRLE. We assume there is no flux through the 
ends of the cylinder, so this O is the total flux. Gauss' law yields q = Im^RLE. Thus, 


q = 2% (8.85x10 ~ 12 C 2 /N -m 2 ) (0.014 m)(0.16 m) (2.9 x IO 4 N/C) = 3.6 x IO" 9 C. 


Consider a Gaussian surface in the form of a cylinder with radius 
r and length t, coaxial with the charged cylinder. An "end view" 
of the Gaussian surface is shown as a dotted circle. The charge 


74. (a) The diagram shows a cross section (or, perhaps more 
appropriately, "end view") of the charged cylinder (solid circle). 



enclosed by it is q = pV = nr 2 £p, where V = nr 2 £ is the volume \. / 
of the cylinder. 

If p is positive, the electric field lines are radially outward, normal to the Gaussian 
surface and distributed uniformly along it. Thus, the total flux through the Gaussian 
cylinder is O = EA linder = E(2nr£). Now, Gauss' law leads to 


(b) Next, we consider a cylindrical Gaussian surface of radius r > R. If the externai field 
E ext then the flux is O = 2nr£E ext . The charge enclosed is the total charge in a section of 

the charged cylinder with length £ . That is, q = nR 2 £p . In this case, Gauss' law yields 


2n£ 0 r£E = nr 2 £p => E = 


pr 


Is, 


2ns 0 r£E ext = nR 2 £p => E ext = 



2s 0 r 


75. (a) The mass flux is wdpv = (3.22 m) (1.04 m) (1000 kg/m 3 ) (0.207 m/s) = 693 kg/s. 

(b) Since water flows only through area wd, the flux through the larger area is still 
693 kg/s. 

(c) Now the mass flux is (wd/2)pv = (693 kg/s)/2 = 347 kg/s. 

(d) Since the water flows through an area (wd/2), the flux is 347 kg/s. 

(e) Now the flux is (wrfcos0)pv = (693kg/s)(cos34°) = 575 kg/s. 


76. (a) We use m e g = eE = eofeo to obtain the surface charge density. 

o £ (9.11xlO" 31 kg)(9.8m/s)(8.85xlO" 12 C 2 /N-m 2 ) „ . 

e8£0_ = \ °A >_J\_ )_ = 4 9 x 1Q -22 ^2 


1.60xl(T y C 


(b) Downward (since the electric force exerted on the electron must be upward). 


77. (a) From Gauss' law, we get 


47t£- 0 r 4ne Q r 3s 0 

(b) The charge distribution in this case is equivalent to that of a whole sphere of charge 
density p plus a smaller sphere of charge density -p which fills the void. By 
superposition 

E(f)= P 7 | (-Pjr-ã) = pã 


78. (a) The cube is totally within the spherical volume, so the charge enclosed is 

<?enc = p Vcube = (500 x IO" 9 C/m 3 )(0.0400 m) 3 = 3.20 x 10" 11 C. 
By Gauss' law, we find O = q e Jzo = 3.62 N-m 2 /C. 

(b) Now the sphere is totally contained within the cube (note that the radius of the sphere 
is less than half the side-length of the cube). Thus, the total charge is 

<?enc = P Vsphere = 4.5 X 10 _1 ° C. 

By Gauss' law, we find O = q e Je () = 51.1 N-m 2 /C. 


79. (a) In order to have net charge -10 /Á2 when -14 juC is known to be on the outer 
surface, then there must be +4.0 juC on the inner surface (since charges reside on the 
surfaces of a conductor in electrostatic situations). 

(b) In order to cancel the electric field inside the conducting material, the contribution 
from the +4 //C on the inner surface must be canceled by that of the charged particle in 
the hollow. Thus, the particle's charge is -4.0 juC. 


80. (a) Outside the sphere, we use Eq. 23-15 and obtain 

E _ 1 q _ (8.99xl0 9 N-m 2 /C 2 )(6.00xl0 12 C) _ l50 
4tts 0 r 2 (0.0600 m) 2 1 

(b) With q = +6.00 x IO" 12 C, Eq. 23-20 leads to E = 25.3 N/C . 


81. (a) The field maximum occurs at the outer surface: 


\q\ \ \q\ 


' 47i:So r 2 J at r = R 4m a R 2 
Applying Eq. 23-20, we have 

^internai — ^3 — ^ -GTnax — < ' ~ ^ ~ /\ 

(b) Outside sphere 2 we have 

^externai = r 2 = 4 ^max r = 2.07? . 


82. The field due to a sheet of charge is given by Eq. 23-13. Both sheets are horizontal 
(parallel to the xy plane), producing vertical fields (parallel to the z axis). At points above 
the z = 0 sheet (sheet A), its field points upward (towards +z); at points above the z = 2.0 
sheet (sheet B), its field does likewise. However, below the z = 2.0 sheet, its field is 
oriented downward. 

(a) The magnitude of the net field in the region between the sheets is 


\E\ = 


cr H 8.00x10"' C/m 2 -3.00x10^ C/m 2 


2.82xl0 2 N/C. 


2s 0 2e ( 


2(8.85xl0" 12 C 2 /N-m 2 ) 


(b) The magnitude of the net field at points above both sheets is 


\E\ = 


o 


S.OOxlO^C/m 2 +3.00xlQ' 9 C/m 2 
2(8.85xl0~ 12 C 2 /N-m 2 ) 


6.21xl0 2 N/C. 


1. If the electric potential is zero at infinity then at the surface of a uniformly charged 
sphere it is V = q/4neoR, where q is the charge on the sphere and R is the sphere radius. 
Thus q = Aii&qRV and the number of electrons is 

\q\ 4ne 0 R\V\ (l.OxlO 6 m)(400V) 
n -\_LL- o !_L v 11 >_ = 28x10 

e e (8.99xl0 9 N-m 2 /C 2 )(l.60xl0 19 C) 


2. The magnitude is AU = eAV= 1.2 x IO 9 eV = 1.2 GeV. 


3. (a) An Ampere is a Coulomb per second, so 


84 A-h = 


f Ch^ 
84— 

^ s J 


( cA 
3600- 


= 3.0xl0 5 C. 


(b) The change in potential energy is AU = qAV= (3.0 x 10 C)(12 V) = 3.6 x 10 J. 


4. (a) V B -V A = AU/q = -W/(-e) = - (3.94 x 1CT y J)/(-1.60 x lCP y C) = 2.46 V. 

(b) V c -V A = V B -V A = 2.46 V. 

(c) Vc - Vb = O (Since C and B are on the same equipotential line). 


5. The electric field produced by an infinite sheet of charge has magnitude E = o/2so, 
where cr is the surface charge density. The field is normal to the sheet and is uniform. 
Place the origin of a coordinate system at the sheet and take the x axis to be parallel to the 
field and positive in the direction of the field. Then the electric potential is 

V =V-\ X Edx = V-Ex, 
Jo s 

where V s is the potential at the sheet. The equipotential surfaces are surfaces of constant x; 
that is, they are planes that are parallel to the plane of charge. If two surfaces are 
separated by Ax then their potentials differ in magnitude by 


Thus, 


AV = EAx = (cr/2s 0 )Ax 
2Í8.85xlO - 12 C 2 /N-m 2 V50 


6. (a) E = F/e = (3.9 x 1(T 15 n) /(l .60x 1(T 19 C) = 2.4 x IO 4 N/C = 2.4 x IO 4 V/m. 
(b) AV = EAs = (2.4 x IO 4 N/C)(0.12 m) = 2.9 x IO 3 V. 


7. (a) The work done by the electric field is 


/ B ~_q 0 c? Ç d . _ q<pd _ (1.60x10 ^0(5.80x10 ~ lz C/rr/)(0.0356 m) 


= 1.87xlO" 21 J 


2s 0 Jo 2s 0 2(8.85xl0 12 C 2 /N-m 2 ) 


(b) Since V - V 0 = -W/q Q = -oz/2s 0 , with V 0 set to be zero on the sheet, the electric 
potential at P is 

oz (5.80xl0 12 C/m 2 )(0.0356 m) . 1A 2 

V= = -- tz — ^ ; = -1.17x10 V. 

2e 0 2(8.85xl0 12 C 2 /N-m 2 ) 


8. (a) By Eq. 24-18, the change in potential is the negative of the "area" under the curve. 
Thus, using the area-of-a-triangle formula, we have 

y - io= -r ^4 (2)(2o) 

which yields V=30 V. 

(b) For any region within 0 < x < 3m,- í É ■ ds is positive, but for any region for which 
x > 3 m it is negative. Therefore, V = V mãX occurs at x = 3 m. 

V - 10 = ~r ^ = f(3)(20) 

which yields V max = 40 V. 

(c) In view of our result in part (b), we see that now (to find V = 0) we are looking for 
some X>3 m such that the "area" from x = 3 m to x = X is 40 V. Using the formula for a 
triangle (3 < x < 4) and a rectangle (4 < x < X), we require 

i(l)(20) + (Z-4)(20) = 40. 


Therefore, X = 5.5 m. 


9. We connect A to the origin with a line along the y axis, along which there is no change 
of potential (Eq. 24-18: j É ds =0). Then, we connect the origin to B with a line along 
the x axis, along which the change in potential is 


AV = -{ X= Ê ds = -4.00Í xdx = -4. 
Jo Jo 


00 


v2y 


which yields V B - V A = -32.0 V. 


10. In the "inside" region between the plates, the individual fields (given by Eq. 24-13) 
are in the same direction ( -i ): 


£L =■ 


50xl0~ 9 C/m 2 


2(8.85xl0~ 12 C 2 /N-m z ) 2(8.85x10 " ,z C z /N-m z ) 


■ + - 


25x10 C/m 


12 ,~i2, 


i = -(4.2xl0 3 N/C)i. 


In the "outside" region where x > 0.5 m, the individual fields point in opposite directions: 
50xlO~ 9 C/m 2 « 25xlO~ 9 C/m 2 


^out ~~ 


2(8.85xl0 12 C 2 /N-m 2 ) 2(8.85x10 ~ ,z C z /N-m z ) 


-i + - 


12 /-i2í 


-i = -(1.4xlO J N/C)i. 


Therefore, by Eq. 24-18, we have 


AV = -f ( / Ê-ds=-l \É m \dx-l 5 |£ out |^ = -(4.2xl0 3 )(0.5)-(l.4xl0 3 )(0.3) 
= 2.5xl0 3 V. 


1 1. (a) The potential as a function of r is 


qr qr 2 


V(r) = V(0)-[ r E(r)dr = 0-[ r qY , dr = 

W W J 0 W J 0 A WP í? 3 


Ans () R ó Sx£ 0 R s 

(8.99xl0 9 N-m 2 /C 2 )(3.50xl0 15 C)(0.0145m) 2 = 68xlQ -4 v 
2(0.0231 m) 3 

(b) Since AV = V(0) - V(R) = q/SnsoR, we have 

v ( ^ = -^_ = J 8 -^'<' 0 " N -"V c2 X 3 - 50x ' 0 '" c ) = - 6 . 81xl o-> v. 

v ' 8ro„JÍ 2(0.0231 m) 


12. (a) The potential difference is 


- = (l.0xl(T 6 C)Í8.99xl0 9 N-m 2 /C 2 )í — - 

v A 1 ; U.0m 1.0 1 


v A -v B =-Z ^ . , , 

= -4.5xl0 3 V. 

(b) Since V(r) depends only on the magnitude of r , the result is unchanged. 


13. (a) The charge on the sphere is 


(200 V)(0.15m) , ... 

q = 4nE 0 VR = — £ VT L ^ = 3.3x10 9 C. 

8.99xl0 9 N-m 2 /C 2 


(b) The (uniform) surface charge density (charge divided by the area of the sphere) is 

q 3.3xlO~ 9 C ,„ 1rt8 ^ ; 2 
cr = — = - = 1.2x10 8 C/m 2 . 

4kR z 4tt(0.15 m) 


14. The charge is 

(10m)(-1.0V) 
q = \nsMV = - — r- 

8.99xl0 9 Nm 2 /c 2 


15. A charge -5q is a distance 2d from P, a charge -5q is a distance d from P, and two 
charges +5q are each a distance d from P, so the electric potential at P is 


V = - 


47TS n 


1111 

+ — + — 

2d d d d 


q _ (8.99xl0 9 N-m 2 /C 2 )(5.00xlO" 15 C) 


&7T£ 0 d 


2(4.00xl(T 2 m) 


= 5.62xl(TV. 


The zero of the electric potential was taken to be at infinity. 


16. Since according to the problem statement there is a point in between the two charges 
on the x axis where the net electric field is zero, the fields at that point due to q\ and <?2 
must be directed opposite to each other. This means that q\ and qi must have the same 
sign (i.e., either both are positive or both negative). Thus, the potentials due to either of 
them must be of the same sign. Therefore, the net electric potential cannot possibly be 
zero any where except at infinity. 


17. First, we observe that V (x) cannot be equal to zero for x > d. In fact V (x) is always 
negative for x > d. Now we consider the two remaining regions on the x axis: x < 0 and 
0 < x < d. 


(a) For 0 < x < d we have d\ = x and d2 = d-x. Let 


V(x) = k 


11 12 


J; d 


2j 


4ne, 


o V 


■ + 

x d - x 


= 0 


and solve: x = d/4. With d = 24.0 cm, we have x = 6.00 cm. 

(b) Similarly, for x < 0 the separation between q\ and a point on the x axis whose 
coordinate is x is given by d\ = -x; while the corresponding separation for qi is di = d - x. 
We set 


V(x) = k 


( \ 
<h + <h 


4ks 


o V 


-x d - x 


= 0 


to obtain x = -d/2. With d = 24.0 cm, we have x = -12.0 cm. 


18. In applying Eq. 24-27, we are assuming V — > O as r — > qo. Ali corner particles are 
equidistant from the center, and since their total charge is 

2qi- 3qi+ 2 q x - q\ = 0, 

then their contribution to Eq. 24-27 vanishes. The net potential is due, then, to the two 
+4q 2 particles, each of which is a distance of a/2 from the center: 

y-_Li^ 4 1 4q 2 _ l6q 2 _ 16(8.99xlQ 9 N-m 2 /C 2 )(6.00xl0 12 C) _^ 
4x£ 0 a!2 4x£ 0 a 12 47rs Q a 0.39 m 


19. (a) The electric potential V at the surface of the drop, the charge q on the drop, and 
the radius R of the drop are related by V = q/4moR. Thus 


a (8.99 x IO 9 N-m 2 /C 2 )Í30xl0 12 C) 
R = = ± ^ '- = 5.4 x 10 m. 


4ns Q V 500 V 


(b) After the drops combine the total volume is twice the volume of an original drop, so 

to 1 n 

the radius R' of the combined drop is given by (R') = 2R and R' = 2 R. The charge is 
twice the charge of original drop: q'=2q. Thus, 


V = = — ^- = 2 2/ V = 2 2/3 (500 V) * 790 V. 

4tzs 0 R' 4ns Q 2 l,3 R 


20. When the charge q 2 is infinitely far away, the potential at the origin is due only to the 
charge q\ : 

V x =-^— = 5.76 x 1(T 7 V. 

— 17 

Thus, q\ld = 6.41 x 10 C/m. Next, we note that when q 2 is located at x = 0.080 m, the 
net potential vanishes (Vi + V 2 = 0). Therefore, 

~ 0.08 m d 

Thus, we find q 2 = -{qj d)(0.08 m)= -5.13 x 10~ 18 C= -32 e. 


21. Weuse Eq. 24-20: 


1 p (8.99xl0 9 N-m 2 /C 2 ) (1.47x3.34 x IO" 30 C-m) 

(52.0x1o -9 m) 2 


63xlO~ 5 V. 


22. From Eq. 24-30 and Eq. 24-14, we have (for 0, = 0 o ) 


W a = qAV = e 


p cos 0 p cos 6 i 


K 4ne 0 r 


ep cos 6 
4ns () r 2 


(cos 0-1) 


with r 


20 x 10 9 m. 


For 0= 180° the graph indicates W a = -4.0 x 10 30 J, from which 


we can determine p. The magnitude of the dipole moment is therefore 5.6 x 10 C m 


23. (a) Ali the charge is the same distance R from C, so the electric potential at C is 


V = - 


4ns, 


a 6e, 


52, 


o V 


R R 


4ns () R 


5(8.99xlQ 9 N-m 2 /C 2 )(4.20xlQ' 12 C) 
8.20x10 2 m 


= -2.30 V, 


where the zero was taken to be at infinity. 


(b) Ali the charge is the same distance from P. That distance is V^ 2 + D 2 , so the electric 
potential at P is 


V = 


Ans,, 


62, 


^R 2 +D 2 yÍR 2 +D 2 


50! 


■Jr 2 +d 


Ans. 


5(8.99 x IO 9 N • m 2 /C 2 )(4.20x 10 12 C) 
V(8.20xl0" 2 m) 2 +(6.71xl0~ 2 m) 2 


= -1.78 V. 


24. The potential is 

1 f dq 1 r , ~Q (8.99xl0 9 N-m 2 /C 2 )(25.6xl(T 12 C) 

Vp = — = dq= = ; 

4ns () *™ d R 4ns 0 Rt™ d 4ns 0 R 3.71xl0 _2 m 

= -6.20 V. 

We note that the result is exactly what one would expect for a point-charge —Q at a 
distance R. This "coincidence" is due, in part, to the fact that Vis a scalar quantity. 


25. (a) From Eq. 24-35, we find the potential to be 


V = 2- 


4ns„ 


ln 


L/2 + V(L 2 /4) + J 2 


= 2(8.99 x IO 9 N • m 2 /C 2 )(3.68x l(T 12 C/m) ln 
= 2.43x10 2 V. 


(0.06 m/2) + V(0.06 m) 2 74 + (0.08 m) 2 
0.08 m 


(b) The potential at P is V = 0 due to superposition. 


26. Using Gauss' law, q = s 0 © = +495.8 nC. Consequently, 

y _ q _ (8.99xlQ 9 N-m 2 /C 2 )(4.958xlQ' 7 C) 
4ns Q r 0.120 m 


27. Since the charge distribution on the are is equidistant from the point where V is 
evaluated, its contribution is identical to that of a point charge at that distance. We 
assume V — > 0 as r — > co and apply Eq. 24-27: 


V = - 


+- 


1 +4Q, | 1 -2Q, _ 1 


Atís q R 4ns o 2R 4ns 0 R 
(8.99xlQ 9 N-m 2 /C 2 )(7.21xlQ- 12 C) 
2.00 m 


4ns 0 R 


= 3.24xl0~ 2 V. 


28. The dipole potential is given by Eq. 24-30 (with 6= 90° in this case) 


_ p cos 6 _ p cos 90° _ 

4^£- () r 2 <\ns Q r 2 

since cos(90°) = 0 . The potential due to the short are is q l I \ns Q r x and that caused by the 
long are is q 2 l '4x£ 0 r 2 . Since q\ = +2 \xC, r\ = 4.0 cm, q 2 = -3 |u,C, and r 2 = 6.0 cm, the 
potentials of the ares cancel. The result is zero. 


29. The disk is uniformly charged. This means that when the full disk is present each 
quadrant contributes equally to the electric potential at P, so the potential at P due to a 
single quadrant is one-fourth the potential due to the entire disk. First find an expression 
for the potential at P due to the entire disk. We consider a ring of charge with radius r and 
(infinitesimal) width dr. Its area is 2nr dr and it contains charge dq = 2nor dr. AU the 

charge in it is a distance \/r 2 + D 2 from P, so the potential it produces at P is 


dV = 


1 Inardr 


crrdr 


r 2 + D 2 


r 2 +D 2 


The total potential at P is 


v =-?-[* rdr 

Jo 


cr 


2^ Jo Vr 2 + D 2 2s 0 


Vr 2 + D 2 


cr 


^R 2 + D 2 -D 


The potential V í9 at P due to a single quadrant is 


V = v - = ^- 

" 4 8* 0 L 


Jr 2 +d 2 -d 


(7.73 x IO" 15 C/m 2 ) 


8(8.85xl(T 12 C 2 /N-m z ) 


^(0.640 m) 2 + (0.259 m) 2 -0.259 m 


= 4.71xl0~ 5 V. 


30. Consider an infinitesimal segment of the rod, located between x and x + dx. It has 
length dx and contains charge dq = X dx, where X, = Q/L is the linear charge density of the 
rod. Its distance from P\ is d + x and the potential it creates at P\ is 


dV = 


1 dq 


1 Xdx 


4ns Q d + x 4ns 0 d + x 


To find the total potential at P u we integrate over the length of the rod and obtain: 


V = 


Â r L dx 


4ns n 


ax 

J° d + x~ 


Ã 


Ans, 


-\n(d + x) 


Q 


o 4ns 0 L 


-ln 


1 + 

v d 


) 


(8.99xl0 9 N-m 2 /C 2 )(56.1xlO" 15 C) 


0.12 m 


ln 


1 + 


0.12 m 


0.025 m 


= 7.39xl0^ 3 V. 


31. Letting d denote 0.010 m, we have 


v _ q , 3Q, 3Q, _ Q x _ (8.99xl0 9 N-m 2 /C 2 )(30xlQ- 9 C) _ l y 
4n£ 0 d 8n£ 0 d \6ns () d 8ns Q d 2(0.01 m) 


32. Eq. 24-32 applies with dq = X dx = bx dx (along 0 < x < 0.20 m). 


(a) Here r = x > 0, so that 


y= 1 bxdx = b{02X)) =36y 

47t£„ ^ X 47t£ n 


(b) Now r = -\jx 2 +d 2 where J = 0. 15 m, so that 


y = 


1 ro.20 bxdx 


í 


4^ 0 Jo Jx 2 +d 2 4tt^ 0 


0.20 


= 18 V. 


33. Consider an infinitesimal segment of the rod, located between x and x + dx. It has 
length dx and contains charge dq = X dx = cx dx. Its distance from P\ is d + x and the 
potential it creates at P\ is 


dV = 


1 dq 


1 cxdx 


4ns Q d + x 4ns 0 d + x 


To find the total potential at P u we integrate over the length of the rod and obtain 

L 


_ c r L xdx c 
47T£ 0 *° d + x 4ns Q 


[x-dln(x + d)] 


4ns, 


0 L 


L-dln 


1 + - 


d 


= (8.99xl0 9 N-m7c 2 )(28.9xl0" 12 C/m 2 ) 
= 1.86xlCT 2 V. 


0.120 m- (0.030 m)ln 


1 + 


0.120 m 
0.030 m 


J. 


34. We use Eq. 24-41. This is an ordinary derivative since the potential is a function of 
only one variable. 


E = - 


i = (1 500* )i = ( - 3000x)i = ( - 3000 V/m 2 ) (0.0 1 30 m)i = (-39 V/m)i. 

dx 


\dx j 

(a) Thus, the magnitude of the electric field is E = 39 V/m 

(b) The direction of È is -i , or toward plate 1 . 


35. Weuse Eq. 24-41: 

dV d 

E x ( x , y) = = ((2.0V / m 2 )x 2 - 3.0 V / m 2 )y 2 ) = -2(2.0V / m 2 )*; 

ôx ôx 

E(x,y) = = ((2.0 V / m 2 )x 2 - 3.0V / m 2 ) y 2 ) = 2(3.0V / m 2 ) y . 

õy ôy 

We evaluate at x = 3.0 m and y = 2.0 m to obtain 

£ = (-12 V/m)i + (12 V/m)j . 


36. The magnitude of the electric field is given by 


\E\ = 


AV 


Ax 


2(5 .OV) 
0.015m 


= 6.7 x IO 2 V/m. 


At any point in the region between the plates, E points away from the positively charged 
plate, directly towards the negatively charged one. 


37. The electric field (along some axis) is the (negative of the) deriv ative of the potential 
V with respect to the corresponding coordinate. In this case, the derivatives can be read 
off of the graphs as slopes (since the graphs are of straight lines). Thus, 


These components imply the electric field has a magnitude of 2693 N/C and a direction 
of -21.8° (with respect to the positive x axis). The force on the electron is given by 

F = qE where q = -e. The minus sign associated with the value of q has the implication 

-> -> 
that F points in the opposite direction from E (which is to say that its angle is found by 

adding 180° to that of E ). With e = 1.60 x 10 19 C, we obtain 


F = (-1.60xl0 19 C)[(2500 N/C)i-(1000 N/C)j] = (-4.0xlO" 16 N)i + (1.60xlO" 16 N)j . 




38. (a) From the result of Problem 24-30, the electric potential at a point with coordinate 
x is given by 

Q 


v = 


4ns Q L 


-ln 


v x J 


At x = d we obtain 


V = 


Q 


4ns 0 L 


-ln 


d + L 


(8.99x IO 9 N • m 2 /C 2 )(43.6 x 10 15 C) 


0.135 m 


ln 


1 + 


0.135 m 


f 


= (2.90 x IO" 3 V)ln 


0.135 m 


1 + 

v d 


(b) We differentiate the potential with respect to x to find the x component of the electric 
field: 


E = 


ÕV 

õx 


Q õ 
4ne 0 L ôx 


ln 


x-L 


x 


Q 


4ns Q L x-L 


n 


x-L 


Q 


4ns Q x ( x - L) 


(8.99 x 10 9 N • m 2 /C 2 )(43.6 x 10 15 C) (3.92 x IO" 4 N • m 2 /C) 


x(x+ 0.135 m) 


x(x + 0.135 m) 


or 

|E ^ (3.92x10^ N-m 2 /C) 
jc(jc + 0.135 m) 

(c) Since^ <0, its direction relative to the positive x axis is 180°. 

(d) At x = d = 6.20 cm, we obtain 

IS, I = P-^N-mVQ =0 . 0321 N/ c. 

x (0.0620 m)(0.0620 m + 0.135 m) 

(e) Consider two points an equal infinitesimal distance on either side of Pi, along a line 
that is perpendicular to the x axis. The difference in the electric potential divided by their 
separation gives the transverse component of the electric field. Since the two points are 
situated symmetrically with respect to the rod, their potentials are the same and the 
potential difference is zero. Thus, the transverse component of the electric field E y is zero. 


39. We apply Eq. 24-41: 


E = 


E y=- 


E z = 


ÕV 
õx 
ÕV 
õy 
ÕV 
'~dz 


-l.QOyz 2 
—l.OQxz 2 
--4.00xyz 


which, at (x, y, z) = (3.00 m, -2.00 m, 4.00 m), gives 

(E x , E y , E z ) = (64.0 V/m, -96.0 V/m, 96.0 V/m). 
The magnitude of the field is therefore 

= JÊJ+eJ+e] = 150 V/m = 150 N/C . 


E 


40. (a) Consider an infinitesimal segment of the rod from x to x + dx. Its contribution to 
the potential at point P 2 is 


dV = 


1 À(x)dx 1 


cx 


47T^o ^x 2 + y 2 4ks 0 ^ x 2 + y 2 


dx. 


Thus, 


v=\ dv P =^\ L - r 1 


x 2 + y 2 


rdX = ~ 


4-KS, 


-i^L 2 + y 2 -y 


= (8.99xl0 9 N-m 2 /C 2 )(49.9xl0" 12 C/m 2 )^(0.100 m) 2 +(0.0356 m) 2 -0.0356 m) 


= 3.16xl0~ 2 V. 
(b) The y component of the field there is 

8V„ c d 


E = 

y õy 4ns 0 dy 


L 2 + y 2 -y) = 


4ne, 


= (8.99 x IO 9 N • m 2 /C 2 )(49.9 x 10 12 C/m 2 ) 
= 0.298 N/C. 


0.0356 m 


■7(0.100 m) 2 +(0.0356 m) 2 


(c) We obtained above the value of the potential at any point P strictly on the _y-axis. In 
order to obtain E x (x, y) we need to first calculate V(x, y). That is, we must find the 
potential for an arbitrary point located at (x, y). Then E x (x, y) can be obtained from 

E x (x,y) = -ôV(x, y)lôx . 


41. We choose the zero of electric potential to be at infinity. The initial electric potential 
energy t/, of the system before the particles are brought together is therefore zero. After 
the system is set up the final potential energy is 


U,=- 


4ns n 


1 1 1 

-+ 


1 1 1 

+ - 


a a J2a a a -Jla 


2q 2 


4ns 0 a 


V2 ) 


Thus the amount of work required to set up the system is given by 


W = AU = U f -U s =U f = 


2q 


2 í 


f 


-2 


2(8.99xlQ 9 N-m 2 /C 2 )(2.30xl(T 12 C) 2 ( 1 
0.640 m ^72 


= -1.92xlO" 13 J. 


42. The work done must equal the change in the electric potential energy. From Eq. 24- 
14 and Eq. 24-26, we find (with r = 0.020 m) 

^ _ (3 g -2e + 2e)(6e) _ (8.99xl0 9 N-m 2 /C 2 )(18)(1.60xl0 19 C) 2 _^ j 
4ns 0 r 0.020 m 


43. We apply conservation of energy for the particle with g = 7.5xl0 6 C (which has 
zero initial kinetic energy): 

U 0 = K f + Uf, 

ciQ 


where U = 


4ne 0 r 


(a) The initial value of r is 0.60 m and the final value is (0.6 + 0.4) m = 1.0 m (since the 
particles repel each other). Conservation of energy, then, leads to Kj = 0.90 J. 

(b) Now the particles attract each other so that the final value of r is 0.60 - 0.40 = 0.20 m. 
Use of energy conservation yields Kj = 4.5 J in this case. 


44. (a) We use Eq. 24-43 with q l = q 2 = -e and r = 2.00 nm: 


a a e 2 (8.99 x 10 9 N-mVC 2 ) (1.60x10 19 C) 2 

U = k Ml = k ^ = \ L 11 - = 1.15x1 

r r 2.00 x IO" 9 m 

(b) Since U > O and U cc r _1 the potential energy U decreases as r increases 


45. (a) Let £ = 0.15 m be the length of the rectangle and w = 0.050 m be its width. Charge 
q\ is a distance £ from point A and charge q 2 is a distance w, so the electric potential at A 
is 


47t£, 


— + ■ 


o V 


w 


= (8.99xl0 9 N-m 2 /C 2 ) 


-5.0xlO~ 6 C 2.0xlQ- 6 C 
0.050 m 


0.15m 


= 6.0xl0 4 V. 


(b) Charge q\ is a distance w from point b and charge q 2 is a distance £, so the electric 
potential at B is 


V B = 


1 


47t£, 


o V 


= (8.99xl0 9 N-m 2 /C 2 ) 


5.0xlO" 6 C 2.0xlO" 6 C A 
- + - 


0.050 m 


0.15m 


= -7.8xl0 5 V. 


(c) Since the kinetic energy is zero at the beginning and end of the trip, the work done by 
an externai agent equals the change in the potential energy of the system. The potential 
energy is the product of the charge q3 and the electric potential. If Ua is the potential 
energy when qj, is at A and Ub is the potential energy when q-i is at B, then the work done 
in moving the charge from B to A is 

W = U A - U B = <? 3 (Va - V B ) = (3.0 x IO" 6 C)(6.0 x IO 4 V + 7.8 x 10 5 V) = 2.5 J. 


(d) The work done by the externai agent is positive, so the energy of the three-charge 
system increases. 


(e) and (f) The electrostatic force is conservative, so the work is the same no matter 
which path is used. 


46. The work required is 


W = AU = - 


4-7TS, 


o V 


gig | q 2 Q 

2d d 


Ans, 


o v 


2J d 


47. We use the conservation of energy principie. The initial potential energy is Uj = 

2 2 

q IAtzzqTu the initial kinetic energy is Ki = 0, the final potential energy is Uf = q /4tc8oí"2, 
and the final kinetic energy is K f =\mv 2 , where v is the final speed of the particle. 

Conservation of energy yields 

q 2 q 2 1 2 
+ -mv . 
2 


47t£ 0 r 1 


4ns 0 r 2 


The solution for v is 


v = 


1 2q 2 

f \ 


■t 

J 4ns Q m 


r 2j 



(8.99 x IO 9 N • m 2 /C 2 )(2)(3. lx 1(T 6 C) 2 

1 

20xl(T 6 kg 

v 0.90xl0 3 m 2.5xl(T 3 mJ 


= 2.5 x 10 3 m/s. 


48. Let r = 1.5 m, x = 3.0 m, q\ = -9.0 nC, and q 2 = -6.0 pC. The work done by an 
externai agent is given by 


W = AU = 


4ns n 


1 

"7 


1 


2 , 2 

r +x ) 


= (-9.0 x 10" C) (-6.0 x 10 12 C) 
= 1.8xl0 10 J. 


8.99x10 


N-m 


2 \ 


V 


L5m ^(1.5 m) 2 +(3.0 m) 2 


49. The escape speed may be calculated from the requirement that the initial kinetic 
energy (of launch) be equal to the absolute value of the initial potential energy (compare 
with the gravitational case in chapter 14). Thus, 

1 2 eq 
— mv = 

2 A7ts 0 r 

where m = 9.11 x 10 31 kg, e = 1.60 x 10 19 C, q = lOOOOe, and r = 0.010 m. This yields 
v = 22490 m/s «2.2xl0 4 m/s. 


50. The change in electric potential energy of the electron-shell system as the electron 
starts from its initial position and just reaches the shell is At/ = (-e)(-V) = eV. Thus from 
AU = K = jtn e vf we find the initial electron speed to be 

\ m e \ m e \ 9.11xl0" 31 kg 


51. (a) The potential energy is 


a 1 (8.99 x IO 9 N • m 2 /C 2 ) (5.0 x 10 6 cf 
U = = = 0.225 J 


4ne 0 d 1.00 m 


relative to the potential energy at infinite separation. 

(b) Each sphere repels the other with a force that has magnitude 


.2 


a 2 (8.99 x 10 N-m 2 /C 2 )(5.0xl0" 6 C) 

F = H , = ^ '-i '- = 0.225 N. 

4n£ Q d 2 (1.00 m) 

According to Newton' s second law the acceleration of each sphere is the force divided by 
the mass of the sphere. Let m A and m B be the masses of the spheres. The acceleration of 
sphere A is 

F 0.225 N A . n /2 

a, = — = t = 45.0 m/ s 

A m A 5.0 x IO" 3 kg ; 

and the acceleration of sphere B is 

F 0.225 N 


a„ = — = 


" m B 10x10 : kg 


= 22.5 m/s 2 


(c) Energy is conserved. The initial potential energy is U = 0.225 J, as calculated in part 
(a). The initial kinetic energy is zero since the spheres start from rest. The final potential 
energy is zero since the spheres are then far apart. The final kinetic energy is 
jtn A v 2 A +\m B v 2 B , where va and vb are the final velocities. Thus, 


U =-m A v A +-m B v B . 


Momentum is also conserved, so 


0 = m A v A +m B v B . 


These equations may be solved simultaneously for va and vb- Substituting 
v B = -(m A lm B )v A , from the momentum equation into the energy equation, and collecting 

terms, we obtain 

U = \{m A lm B )(m A + m B )v 2 . 

Thus, 


v = 2Um B _ 2(0.225 J)(10xlQ- j kg) =115m/s 

A Vm A (m A +m B ) ^|(5.0xl0" 3 kg)(5.0xl0" 3 kg + 10xl0" 3 kg) 


We thus obtain 


5.0 x IO' 3 kg 
10xl(T 3 kg 


(7.75 m/s) = -3.87 m/s, 


or lv H 1 = 3.87 m/s. 


52. When particle 3 is atx = 0.10 m, the total potential energy vanishes. Using Eq. 24-43, 
we have (with meters understood at the length unit) 


0 = ^^ + - 


q t q 3 


■ + - 


q 3 q 2 


Ans Q d Axs Q (d + 0.\0m) 4^ () (0.10m) 


This leads to 


q 3 


^ + - 

J + O.lOm O.lOm 


which yields q^ = 


-5.7 ^C. 


53. We use conservation of energy, taking the potential energy to be zero when the 
moving electron is far away from the fixed electrons. The final potential energy is then 
U f = 2e 2 lAnstfL , where d is half the distance between the fixed electrons. The initial 

kinetic energy is K t = \mv 2 , where m is the mass of an electron and v is the initial speed 
of the moving electron. The final kinetic energy is zero. Thus, 

Ki = U f ^mv 2 =2e 2 / 4xe 0 d. 

Hence, 


4e 2 Í8.99xl0 9 N-m 2 /C 2 ) (4) (1.60x10 19 C) 

v = J— = , A A r L = 3.2 x IO 2 m/s. 

\4ns 0 dm V (0.010 m)(9.11x 10 31 kg) 


54. (a) When the proton is released, its energy is K + U = 4.0 eV + 3.0 eV (the latter 
value is inferred from the graph). This implies that if we draw a horizontal line at the 7.0 
Volt "height" in the graph and find where it intersects the voltage plot, then we can 
determine the turning point. Interpolating in the region between 1.0 cm and 3.0 cm, we 
find the turning point is at roughly x = 1.7 cm. 

(b) There is no turning point towards the right, so the speed there is nonzero, and is given 
by energy conservation: 


(c) The electric field at any point P is the (negative of the) slope of the voltage graph 
evaluated at P. Once we know the electric field, the force on the proton follows 

immediately from F = qE , where q = +e for the proton. In the region just to the left of x 

= 3.0 cm, the field is E = (+300 V/m) i and the force is F = +4.8 x IO 17 N. 

(d) The force F points in the +x direction, as the electric field E . 


(e) In the region just to the right of x = 5.0 cm, the field is E =(-200 V/m)i and the 
magnitude of the force is F = 3.2 x IO -17 N. 



(f) The force F points in the -x direction, as the electric field E . 


55. (a) The electric field between the plates is leftward in Fig, 24-52 since it points 
towards lower values of potential. The force (associated with the field, by Eq. 23-28) is 

evidently leftward, from the problem description (indicating deceleration of the rightward 

-> -> 

moving particle), so that q > 0 (ensuring that F is parallel to E ); it is a proton. 
(b) We use conservation of energy: 

1 2 1 2 

K 0 + Uq = K + U => 2 m p v o + <?^i= 2 m p v + ^ 2 • 

Using ? = +1.6 x IO" 19 C, m p = 1.67 x IO" 27 kg, v 0 = 90 x 10 3 m/s, Vi = -70 V and 
V 2 =-50 V , we obtain the final speed v = 6.53 x IO 4 m/s. We note that the value of d is 
not used in the solution. 


56. From Eq. 24-30 and Eq. 24-7, we have (for 0= 180°) 


U = qV = -e 


pcost/ 


ep 


where r = 0.020 m. Using energy conservation, we set this expression equal to 100 eV 


and solve for p. The magnitude of the dipole moment is therefore p = 4.5 x 10 12 C • m . 


57. Let the distance in question be r. The initial kinetic energy of the electron is 
K i = \m e v] , where v, = 3.2 x IO 5 m/s. As the speed doubles, Zbecomes AK t . Thus 


_ 2 o 

AU = = -AK = -(4K -K) = -3K = — mvf , 

4ns 0 r 2 


or 


r = 


2e 2 2(l.6xl(T 19 C) 2 (8.99xl0 9 N-m 2 /C 2 ) ^ 

3(9.11x10 - 19 kg)(3.2x!0 5 m/s) 2 


3(4x£ 0 )m e v: 


6x10 9 m. 


58. (a) Using U = qV we can "translate" the graph of voltage into a potential energy 
graph (in eV units). From the information in the problem, we can calculate its kinetic 
energy (which is its total energy at x = 0) in those units: K t = 284 eV. This is less than 
the "height" of the potential energy "barrier" (500 eV high once we've translated the 
graph as indicated above). Thus, it must reach a turning point and then reverse its motion. 

(b) Its final velocity, then, is in the negative x direction with a magnitude equal to that of 
its initial velocity. That is, its speed (upon leaving this region) is 1.0 x IO 7 m/s. 


59. We apply conservation of energy for particle 3 (with q' = -15 x 10 C): 

K q +Uq = K f + U f 
where (letting x = ±3m and q\ = q 2 = 50 x IO -6 C = q) 

q x q' q 2 q 2qq 


U = 


Ans^x 2 + y 2 


+ 


4ns 0 ^x 2 + y 2 


Ans^x 2 + y z 


(a) We solve for Kf (with y 0 = 4 m): 


K f =K 0 + U 0 -U f =1.2 J + 


2qq 


AnS n 


1 1 


= 3.0 J 


(b) We set Kf = 0 and solve for y (choosing the negative root, as indicated in the problem 
statement): 


K 0 +U 0 = U f 1.2 J + 


2qq 


2qq 


Axs^x 2 + yl Ans^x 2 + y 2 


This yields y = -8.5 m. 


60. (a) The work done results in a potential energy gain: 

W= ^ Ay= ^fâ = +2 - 16xl0 " 13j - 
With R = 0.0800 m, we find Q = -1.20 x 10 5 C. 

(b) The work is the same, so the increase in the potential energy is At/ = + 2.16 x 10 13 J. 


61. We note that for two points on a circle, separated by angle ^(in radians), the direct- 
line distance between them is r = 2R s'm(6>/2). Using this fact, distinguishing between the 
cases where N = odd and N = even, and counting the pair-wise interactions very carefully, 
we arrive at the following results for the total potential energies. We use k = l/4ne 0 . For 

configuration 1 (where ali yV electrons are on the circle), we have 


Nke 2 
2R 


2 

I 


sin(j6>/2) 2 


f N-l 


' ^l,/V=odd 


Nke 2 
2R 


./'=' 


sm(j0/2) 


2k 

where 6 = — . For configuration 2, we find 
N 


U 


_(N-l)ke 2 
2R 


ÍN 


Z 

Çsin 


+ 2 


, u 


2,Af=odd 


_(N-l)ke 2 
2R~ 


f N-3 


1 5 

sin(j^'/2) + 2 

v J 


where 0' = 


271 


The results are ali of the forni 


ke 2 

í/ lor2 x a pure number. 

2R 

In our table, below, we have the results for those "pure numbers" as they depend on yV 
and on which configuration we are considering. The values listed in the U rows are the 
potential energies divided by ke 2 /2R. 


N 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 


3.83 

6.88 

10.96 

16.13 

22.44 

29.92 

38.62 

48.58 

59.81 

72.35 

86.22 

101.5 

u 2 

4.73 

7.83 

11.88 

16.96 

23.13 

30.44 

39.92 

48.62 

59.58 

71.81 

85.35 

100.2 


We see that the potential energy for configuration 2 is greater than that for configuration 
1 for yV < 12, but for N > 12 it is configuration 1 that has the greatest potential energy. 


(a) N = 12 is the smallest value such that U 2 < U\. 


(b) For N = 12, configuration 2 consists of 11 electrons distributed at equal distances 
around the circle, and one electron at the center. A specific electron eo on the circle is R 
distance from the one in the center, and is 


r = 2R sin 


vlly 


0.567? 


distance away from its nearest neighbors on the circle (of which there are two — one on 
each side). Beyond the nearest neighbors, the next nearest electron on the circle is 


r = 2R sin 


«1.17? 


distance away from e 0 - Thus, we see that there are only two electrons closer to eo than the 
one in the center. 


62. Since the electric potential throughout the entire conductor is a constant, the electric 
potential at its center is also +400 V. 


63. If the electric potential is zero at infinity, then the potential at the surface of the 
sphere is given by V = q/4mor, where q is the charge on the sphere and r is its radius. 
Thus, 

(0.15 m) (1 500 V) o 

q = 4ns 0 rV = -± £ ^ = 2.5 x ÍO^C. 

8.99 x IO 9 N-m 2 /C 2 


64. (a) Since the two conductors are connected Vi and V 2 must be equal to each other. 

Let V\ = qi/4nsoRi = V 2 = q 2 /4moR 2 and note that q\ + q 2 = q and R 2 = 2Ri. We solve for 
q\ and q 2 : qi = q/3, q 2 = 2q/3, or 

(b) q x lq = 1/3 = 0.333. 

(c) Similarly, q 2 lq = 2/3 = 0.667. 

(d) The ratio of surface charge densities is 



65. (a) The electric potential is the sum of the contributions of the individual spheres. Let 
q\ be the charge on one, q 2 be the charge on the other, and d be their separation. The point 
halfway between them is the same distance d/2 (= 1.0 m) from the center of each sphere, 
so the potential at the halfway point is 


V = 


Ans 0 d/2 


(8.99 x IO 9 


N-m7C 


■)(l.0xl(T 


'C-3.0xl0 


>c) 


1.0 m 


= -1.8xl0 2 V. 


(b) The distance from the center of one sphere to the surface of the other is d - R, where 
R is the radius of either sphere. The potential of either one of the spheres is due to the 
charge on that sphere and the charge on the other sphere. The potential at the surface of 
sphere 1 is 


1 


Axe n 


R d-R 


:(8.99xl0 9 N-m 2 /C 2 ) 


1.0xlO" 8 C 3.0xl0~ 8 C 


0.030m 2.0m-0.030m 


= 2.9xl0 3 V. 


(c) The potential at the surface of sphere 2 is 


Ans n 


d-R R 


= (8.99xl0 9 N-m 2 /C 2 ) 


1.0xl0" s C 3.0xl0" s C 


2.0m-0.030m 0.030m 


= -8.9xl0 3 V. 


66. Since the charge distribution is spherically symmetric we may write 

1 <7„„ 


E{r) = 


Ans, r 


where q cnc is the charge enclosed in a sphere of radius r centered at the origin. 

(a) For r = 4.00 m, R 2 = 1.00 m and R t = 0.500 m, with r>R 2 >R 1 we have 

E(r) = Sl±3l - (8-99xl0 9 N-m 2 /C 2 )(2.00xl0- 6 C + 1.00xl0- 6 C) _ t 69 ^ iQ 3 y/m 
1 ' 4ns 0 r 2 (4.00 m) 2 

(b) For R 2 > r = 0.700 m > R 2 

E(r)= ^ = (8^^10"N-mVc')(2.00xl0-'C) =3 67xl04 
V ' 4ns 0 r 2 (0.700 m) 2 

(c) For R 2 > Ri> r, the enclosed charge is zero. Thus, E = 0. 
The electric potential may be obtained using Eq. 24-18: 

V(r)-V(r') = j"" E(r)dr. 

(d) For r = 4.00 m > R 2 > R h we have 

r( ^_ gi+^ _ (8-99xl0 9 N-m 2 /C 2 )(2.00xl0- 6 C + 1.00xlQ- 6 C) _ 67i :1q3 y 
^ 4ns 0 r (4.00 m) 

(e) For r = 1.00 m = R 2 > R\, we have 

ví; x_ ^+^ _ (8.99xl0 9 N-m 2 /C 2 )(2.00xl0- 6 C + 1.00xlQ- 6 C) _ 270 iq4 y 
^' 4ns 0 r (1.00 m) 

(f) For R 2 >r = 0.700 m > i? 2 , 

V( r )=J_ íiL + ^V (8 .99 x i 0 y N-m 2 /C 2 ) 
V > 4ns Q [ r R 2 ) 

= 3.47 x IO 4 V. 


^2.00xlO~ 6 C l.OOxlO -6 ^ 
-+- 


0.700 m 1.00 m 


(g) For R 2 > r = 0.500 m = R 2 , 


V(r)= 


Ans, 


r 


(8.99xl0 9 N-m 2 /C 2 ) 


0 V ' "2 J 
4 


2.00xlO" 6 C l.OOxlO^C 
■+- 


0.500 m 


1.00 m 


= 4.50xl0 4 V. 


(h) ForR 2 >Ri>r, 


V=- 


\ R l R 2J 


= (8.99xl0 9 N-m 2 /C 2 ) 


2.00xlO~ 6 C 1.00xlO" 6 C^ 


0.500 m 


-+- 


1.00 m 


= 4.50xl0 4 V. 


(i) At r = 0, the potential remains constant, V = 4.50x 10 V. 

(j) The electric field and the potential as a function of r are depicted below: 


70000- 
60000- 
50000- 
40O00- 
30000- 



45000 : 
40000 \ 
35000 \ 
30000 \ 
25000 "i 


67. (a) The magnitude of the electric field is 


a a (3.0xl0" 8 C)(8.99xl0 9 N-m 2 /C 2 ) 


E 

s Q 4tts q R 2 (0.15m) 


(b) V = RE =(0A5m)(í. 2 x IO 4 N/C) = 1.8 x IO 3 V. 


(c) Let the distance be x. Then 


AV = V(x)-V =^—(— 1L-500V, 

v ; 4tzsAr + x RJ 


which gives 

J^J^-iOOV) 
-V-AV -1800V + 500V 


68. (a) We use Eq. 24-18 to find the potential: V wall -V = -Ç Edr , or 


°- V = -í, 


« f pr_ 
2s, 


-y = -^(i? 2 -r 2 ). 
As, V ; 


Consequently, V = p(R 2 - r 2 )/4s 0 . 


(b) The value at r = 0 is 


-1.1x10- C/m- , 2 _ o) = x 

4(8.85 x 10 C/V • m) ^ 7 ' 


Thus, the difference is I V center I = 7.8 x IO 4 V. 


69. The electric potential energy in the presence of the dipole is 


_ qp cos 0 _(-e)(ed) cos 0 

U - <1 ^dipole 


Noting that 6; = 0/= 0 o , conservation of energy leads to 

~2e l (1 T 


K f+ U f =K i+Ui => v^^^^-^j =7.0x10= m/s 


70. We treat the system as a superposition of a disk of surface charge density cr and 
radius R and a smaller, oppositely charged, disk of surface charge density -cr and radius r. 
For each of these, Eq 24-37 applies (for z > 0) 


z 2 +r 2 -z). 


This expression does vanish as r — > oo, as the problem requires. Substituting r = 0.200Í? 
and z = 2.00R and simplifying, we obtain 


V = 


aR 


5V5-VÍÕT 


10 


(6.20xlO" 12 C/m 2 )(0.130 m) 


8.85 xl0~ 12 C 2 /N-m 2 


5V5-VÍÕT 


10 


= 1.03 x IO -2 V. 


71. (a) When the electron is released, its energy is K + U = 3.0 eV - 6.0 eV (the latter 
value is inferred from the graph along with the fact that U = qV and q = - e). Because of 
the minus sign (of the charge) it is convenient to imagine the graph multiplied by a minus 
sign so that it represents potential energy in eV. Thus, the 2 V value shown at x = 0 
would become -2 eV, and the 6 V value at x = 4.5 cm becomes -6 eV, and so on. The 
total energy (- 3.0 eV) is constant and can then be represented on our (imagined) graph as 
a horizontal line at -3.0 V. This intersects the potential energy plot at a point we 
recognize as the turning point. Interpolating in the region between 1.0 cm and 4.0 cm, we 
find the turning point is at x = 1.75 cm « 1.8 cm. 

(b) There is no turning point towards the right, so the speed there is nonzero. Noting that 
the kinetic energy at x = 7.0 cm is K = - 3.0 eV - (- 5.0 eV) = 2.0 eV, we find the speed 
using energy conservation: 


(c) The electric field at any point P is the (negative of the) slope of the voltage graph 
evaluated at P. Once we know the electric field, the force on the electron follows 

immediately from F = qE , where q = -e for the electron. In the region just to the left of 

x = 4.0 cm, the electric field is Ê = (-133V/m)i and the magnitude of the force is 
F = 2.1xl0~ 17 N. 

(d) The force points in the +x direction. 


(e) In the region just to the right of x = 5.0 cm, the field is E = +100 V/m i and the force 
is F = ( -1.6 x 10~ 17 N) i . Thus, the magnitude of the force is F = 1.6xl0" 17 N. 

(f) The minus sign indicates that F points in the -x direction. 



72. The electric field throughout the conducting volume is zero, which implies that the 
potential there is constant and equal to the value it has on the surface of the charged 
sphere: 

q 


v A =v s = 


4xe a R 


where q = 30 x 10 C and R = 0.030 m. For points beyond the surface of the sphere, the 
potential follows Eq. 24-26: 


where r = 0.050 m. 


V B = 


q 


(a) We see that 


V S -V B = 


f 1 O 


Ans ( \R rj 


= 3.6x 10' V. 


(b) Similarly, 


V A -V B = 


Ans, 


o y R r J 


= 3.6x 10' V. 


73. (a) Using d = 2 m, we find the potential at P: 


2e -2e e (8.99xl0 9 N-m 2 /C 2 )(1.6xl0 19 C) 


v — -_ + r — = ^_ = v— ~ / ~ /v ~ — ~_^l = 1 .i92xl0 _lu V . 

4^ 0 J 4^ () (2J) 4^ 0 J 2.00 m 

Note that we are implicitly assuming that V — > 0 as r — > qo. 

(b) Since U = qV , then the movable particle's contribution of the potential energy when it 
is at r = co is zero, and its contribution to U syste m when it is at P is 

U =qV p =2(1.6x10 19 C)(7.192xlO" 10 V) = 2.3014 x IO" 28 J . 

Thus, the work done is approximately equal to W ãpp = 2.30 x 10 J. 

(c) Now, combining the contribution to U syste m from part (b) and from the original pair of 
fixed charges 

_l (2g)(-2e) _ (8.99xl0 9 N-m 2 /C 2 )(4)(1.60xl0 19 C) 2 

4^o V(4.00 m) 2 + (2.00 m) 2 V2ÕÕ m 

= -2.058 x IO 28 J . 

we obtain 

t/system = W app + t/fixed = 2.43 X IO" 29 J . 


74. The derivation is shown in the book (Eq. 24-33 through Eq. 24-35) except for the 
change in the lower limit of integration (which is now x = D instead of x = 0). The result 
is therefore (cf. Eq. 24-35) 


V = 


4ne Q 


ln 


2 A 


+ I.- + d 
D + ^D 1 + d 1 


2.0 x 10 

47TS 0 


-6 


ln 


4 + yi7^ 

V l+V2 


= 2.18 x 10 4 V. 


75. The work done results in a change of potential energy: 

2q 2 2q 2 2q 2 ( 1 O 


W = AU = 


Ans Q d' Ans Q d Ans Q v 


d' d 


= 2(8.99 x IO 9 N • m 2 /C 2 )(0. 12 C) 2 


1 


1 


1.7 m/2 1.7 m 


1.5xl0 8 J 


At a rate of P = 0.83 x 10 3 Joules per second, it would take W/P = 1.8 x 10 5 seconds or 
about 2. 1 days to do this amount of work. 


76. Using Eq. 24-18, we have 


AV = -£4 dr = |í^-^j=A(0.029/m 3 ). 


77. The radius of the cylinder (0.020 m, the same as r B ) is denoted R, and the field 
magnitude there (160 N/C) is denoted E B . The electric field beyond the surface of the 
sphere follows Eq. 23-12, which expresses inverse proportionality with r: 

É R 

— = — for r > R . 
E B r 

(a) Thus, if r = r c = 0.050 m, we obtain 


Ê\ = (160 N/C) (0.020 m) /(0.050 m) = 64 N/C . 


(b) Integrating the above expression (where the variable to be integrated, r, is now 
denoted p) gives the potential difference between Vb and Vc- 


V B -y c = í—dp = E B R\n 

JK p 


= 2.9V 


(c) The electric field throughout the conducting volume is zero, which implies that the 
potential there is constant and equal to the value it has on the surface of the charged 
cylinder: Va - Vb = 0. 


78. (a) The potential would be 

Q e 4nR 2 e <r e 
V e = — = = AnR e <j e k 

47T£ Q R e 47T£ 0 R e 

= 4tt (6.37 x IO 6 m) (l .0 electron/m 2 ) (-1 .6 x 1(T 9 C/electron) (8.99 x IO 9 N • m 2 /C 2 ) 
= -0.12V. 

(b) The electric field is 

E = ^ = K = _ Q.12V = . 18xl0 -, N/C| 


s Q R„ 6.37 x 10° m 


or l£l = 1.8xlO" 8 N/C 


(c) The minus sign in E indicates that É is radially inward. 


79. We note that the net potential (due to the "fixed" charges) is zero at the first location 
("at oo") being considered for the movable charge q (where q = +2e). Thus, with D = 4.00 
m and e = 1.60 x 10 19 C, we obtain 

_ +2e +e 2e _ (8.99xlQ 9 N-m7C 2 )(2)(1.60xl0 19 C) 

~ 4xs 0 (2D) 4ns 0 D ~ Ans 0 D ~ 4.00 m 

= 7. 192 x 10~ 10 V . 

The work required is equal to the potential energy in the final configuration: 
W app = q V = (2e)(7.192 x 10" 10 V) = 2.30 x IO" 28 J. 


80. Since the electric potential is a scalar quantity, this calculation is far simpler than it 
would be for the electric field. We are able to simply take half the contribution that 
would be obtained from a complete (whole) sphere. If it were a whole sphere (of the 
same density) then its charge would be g W hoie = 8.00 uC. Then 

V- l ~V -I^dsfe- 1 8.00xlO- 6 C _ 2 40x10 5 v 
V - 2 y whole - 2 4n£or - 2 47l£o(Q 15 m) - 2.40 x 10 V . 


8 1 . The net potential at point P (the place where we are to place the third electron) due to 
the fixed charges is computed using Eq. 24-27 (which assumes V — > 0 as r — > oo): 


4ns 0 d Ans^d Ans () d 
Thus, with d = 2.00 x IO -6 m and e = 1.60 x IO" 19 C, we find 

v 2e _ (8.99xl0 9 N-m 2 /C 2 )(2)(1.60xlQ ' 9 C) _ t 438xlQ -3 y 

P 47T£ 0 d 2.00 x IO" 6 m 

Then the required "applied" work is, by Eq. 24-14, 

W app = i-é) V P = 2.30 x 10~ 22 J . 


82. The work done is equal to the change in the (total) electric potential energy U of the 
system, where 

4x£ 0 r n 4x£ 0 r 23 4x£ 0 r 13 

and the notation r 13 indicates the distance between q\ and g 3 (similar definitions apply to 
r 12 andr 23 ). 

(a) We consider the difference in U where initially r n = b and r 23 = a, and finally r 12 = a 
and r 23 = b (r 13 doesn't change). Converting the values given in the problem to SI units 
(|u,C to C, cm to m), we obtain At/ = - 24 J. 

(b) Now we consider the difference in U where initially r 23 = a and r 13 = a, and finally r 23 
is again equal to a and r 13 is also again equal to a (and of course, r 12 doesn't change in 
this case). Thus, we obtain AU = 0. 


83. (a) The potential on the surface is 

a (4.0xl0- 6 C)(8.99xl0 9 N-m 2 /C 2 ) 

V=— ?— = ± ^ ^ = 3.6xl0 5 

4ne 0 R O.lOm 

(b) The field just outside the sphere would be 

_ q V 3.6xlQ 5 V 6 

E = - = — = = 3.6x10 V/m , 

4ns 0 R 2 R O.lOm 1 

which would have exceeded 3.0 MV/m. So this situation cannot occur. 


84. (a) The charges are equal and are the same distance from C. We use the Pythagorean 
theorem to find the distance The electric potential at C is 

the sum of the potential due to the individual charges but since they produce the same 
potential, it is twice that of either one: 

v= 2g V2_ 2V2^ _ (8.99xl0 9 N-mVC 2 )(2)V2(2.0xlQ- 6 c) _^^ o6v 
Aks 0 d 4ns 0 d 0.020 m 

(b) As you move the charge into position from far away the potential energy changes 
from zero to qV, where V is the electric potential at the final location of the charge. The 
change in the potential energy equals the work you must do to bring the charge in: 

W = qV =(2.0xl0" 6 C)(2.54xl0 6 v) = 5.1 J. 

(c) The work calculated in part (b) represents the potential energy of the interactions 
between the charge brought in from infinity and the other two charges. To find the total 
potential energy of the three-charge system you must add the potential energy of the 
interaction between the fixed charges. Their separation is d so this potential energy is 
q 2 /4n£ 0 d. The total potential energy is 


U=W + - 


a 2 (8.99xl0 9 N-m 2 /C 2 )(2.0xl0" 6 C) 2 
-2— = 5.1 J + ^ — ^ '- = 6.9 J. 


4ns 0 d 0.020 m 


85. For a point on the axis of the ring the potential (assuming V — > 0 as r — > oo) is 


V = 


q 


4ksJz 2 + R 2 


where q = 16 x 10 6 C and R = 0.0300 m. Therefore, 


v B -v A = 


4ns„ 


2 R 


where z B = 0.040 m. The result is -1.92 x 10 V. 


86. The potential energy of the two-charge system is 


U = 


4ns n 


= -1.93 J. 


(x.-x^ 2 +(y 1 -y 2 ) 


(8.99xl0 9 N-m7C 2 )(3.00xl0" 6 C)(-4.00xl0" 6 C) 
^(3.50 + 2.00) 2 + (0.500 - 1 .50) 2 cm 


Thus, -1.93 J of work is needed. 


87. The initial speed v,- of the electron satisfies K t = \m e v 1 i = eAV, which gives 


V; = 


2eAV 


2(1.60 x IO" 19 J)(625 V) 


9.11x10 31 kg 


= 1.48 x IO 7 m/s. 


88. The particle with charge -q has both potential and kinetic energy, and both of these 
change when the radius of the orbit is changed. We first find an expression for the total 
energy in terms of the orbit radius r. Q provides the centripetal force required for -q to 
move in uniform circular motion. The magnitude of the force is F = Qq/Am^r . The 
acceleration of -q is v Ir, where v is its speed. Newton' s second law yields 


Qa 


mv 


4ft£ 0 r 


2 Qq 

mv = . 

47T£ Q r 


and the kinetic energy is 


j, 1 2 Qq 
K= — mv =- 


&7T£ 0 r 


The potential energy is U = -Qq/Ansor, and the total energy is 

Qq Qq Qq 


E=K+U= 


$ne 0 r 4ns Q r Sns 0 r 


When the orbit radius is r\ the energy is E\ = -Qq/Snson and when it is r 2 the energy is 
E 2 = -Qq/Sne 0 r2. The difference E 2 - E\ is the work W done by an externai agent to 
change the radius: 


W = E 2 - E x = - 


Qq 


Sns n 


1 1 


V r 2 r xJ 


Qq 


1 1 


89. Assume the charge on Earth is distributed with spherical symmetry. If the electric 
potential is zero at infinity then at the surface of Earth it is V = q/4nsoR, where q is the 
charge on Earth and R = 6.37 x 10 m is the radius of Earth. The magnitude of the electric 
field at the surface is E = q/4moR 2 , so 


V = ER = (100 V/m) (6.37 x 10 b m) = 6.4 x 10 s V. 


90. The net electric potential at point P is the sum of those due to the six charges: 


10 


•15 


5 Ans^ 4tts 0 


5.00 


-2.00 

- + + - 


-3.00 


Jd 2 +(d/2f d/2 jd 2 +(d/2f 


+ 


3.00 


-2.00 

- + + - 


+5.00 


jd 2 +{d/2) 2 d/2 jd 2 +(d/2f 


9.4x10 


-16 


4^ 0 (2.54xl0- 2 ) 


= 3.34x10" 


91. In the sketches shown next, the lines with the arrows are field lines and those without 
are the equipotentials (which become more circular the closer one gets to the individual 
charges). In ali pictures, q 2 is on the left and q\ is on the right (which is reversed from the 
way it is shown in the textbook). 



(b) 


92. (a) We use Gauss' law to find expressions for the electric field inside and outside the 
spherical charge distribution. Since the field is radial the electric potential can be written 
as an integral of the field along a sphere radius, extended to infinity. Since different 
expressions for the field apply in different regions the integral must be split into two parts, 
one from infinity to the surface of the distribution and one from the surface to a point 
inside. Outside the charge distribution the magnitude of the field is E = q/4nsor and the 
potential is V = q/Amor, where r is the distance from the center of the distribution. This is 
the same as the field and potential of a point charge at the center of the spherical 
distribution. To find an expression for the magnitude of the field inside the charge 
distribution, we use a Gaussian surface in the form of a sphere with radius r, concentric 
with the distribution. The field is normal to the Gaussian surface and its magnitude is 
uniform over it, so the electric flux through the surface is 4nr E. The charge enclosed is 
qr 3 /R 3 . Gauss' law becomes 

4ne 0 r 2 E = ^, 

so 

E= Q r 
4ns Q R 3 ' 


If V s is the potential at the surface of the distribution (r = R) then the potential at a point 
inside, a distance r from the center, is 

2 

V = V s -[ Edr = V s r dr = V s ^—r^ 


o^v Sns Q R 


The potential at the surface can be found by replacing r with R in the expression for the 
potential at points outside the distribution. It is V s = q/4moR. Thus, 


V = 


4ns a 


1 


r L 1 
- + - 


R 2R 3 2R 


q 


8ks q R 3 


(3R 2 -r 2 ). 


(b) The potential difference is 


AV=V-V, = 


lq__^q_ 
Sns 0 R Sns () R 


Sns Q R 


or IAV \ = ql%xs {) R. 


93. (a) For r>r 2 the field is like that of a point charge and 


V = 


1 Q 


4ns Q r 


where the zero of potential was taken to be at infinity. 


(b) To find the potential in the region r x < r < r 2 , first use Gauss's law to find an 
expression for the electric field, then integrate along a radial path from r 2 to r. The 
Gaussian surface is a sphere of radius r, concentric with the shell. The field is radial and 
therefore normal to the surface. Its magnitude is uniform over the surface, so the flux 

through the surface is O = 4nr 2 E. The volume of the shell is (47t/3)(r 2 3 -r, 3 ) , so the 
charge density is 

3Q 


4^-r 3 ) 


and the charge enclosed by the Gaussian surface is 


q = 


4n 


(r 3 - ri 3 )p = Q 


( 3 3 A 

r —r x 

~~ 3 3 
V r 2 -1 J 


Gauss' law yields 


4ns 0 r 2 E = Q 


í 3 3A 


3 _ 3 
V r 2 Y \ J 


^ E = 


Q 


3 3 

r — Tj 


4KS,r 2 {4-r?) 


If V, is the electric potential at the outer surface of the shell (r = r 2 ) then the potential a 
distance r from the center is given by 


V=V,-j r Edr = V- 

Q 1 


Q 


4ns Q r 2 3 - r x 


— r 


.3 A 


dr 


( „2 


=v. 


4ns Q r 2 -tí 


3\ 


'2.+ M 


V 2 2 r r 2 7 


The potential at the outer surface is found by placing r = r 2 in the expression found in 
part (a). It is V s = Q/4m 0 r 2 . We make this substitution and collect terms to find 


V = 


Q 


1 


4ns Q rl-rl 


v 2 2 r J 


Since p = 3Q/4n (r 2 3 - r x 3 ) this can also be written 


V = 


3^ A 


/ o 2 2 3 ^ 

3^_r _^ 

v 2 2 r y 


(c) The electric field vanishes in the cavity, so the potential is everywhere the same inside 
and has the same value as at a point on the inside surface of the shell. We put r = r\ in the 
result of part (b). After collecting terms the result is 

V = _Q % 2 ~n 2 ) 
4ne 0 2(r 2 3 - ri 3 Y 

or in terms of the charge density V = (r 2 2 - ). 


(d) The solutions agree at r = r\ and at r = r 2 . 


94. The distance r being looked for is that where the alpha particle has (momentarily) 
zero kinetic energy. Thus, energy conservation leads to 

Ko+ Uo = K + U ^(0.48xlO-J) + »l=0 + ») . 

v 47rs 0 ro 4m 0 r 

If we set r 0 = oo (so Uo = 0) then we obtain r = 8.8 x IO -14 m. 


95. On the dipole axis 6= 0 or %, so Icos 01 = 1. Therefore, magnitude of the electric field 
is 


E(r)\ 


ÕV 

P 

d 

( \\ 

P 

Õr 

4ns 0 

dr 

2 

\r ) 

2ns 0 r 3 


96. We imagine moving ali the charges on the surface of the sphere to the center of the 
the sphere. Using Gauss' law, we see that this would not change the electric field outside 
the sphere. The magnitude of the electric field E of the uniformly charged sphere as a 
function of r, the distance from the center of the sphere, is thus given by E(r) = q/(4mor ) 
for r > R. Here R is the radius of the sphere. Thus, the potential V at the surface of the 
sphere (where r = R) is given by 

, , , pco . . c r q q (8.99xl0 9 ^)(l.50xl0 8 C) 

V(R) = V L+f E(r)dr=\ -^—dr = ^— = ± ^ '- 

J ' 4ns 0 r 2 4ns 0 R 0.160m 


= 8.43xl0 2 V. 


97. The potential difference is 

AV = EAs = (1.92 x IO 5 N/C)(0.0150 m) = 2.90 x 10 3 V. 


98. (a) Using Eq. 24-26, we calculate the radius r of the sphere representing the 30 V 
equipotential surface: 

q (8.99xl0 9 N-m 2 /C 2 )(1.50xl(r 8 C) 

r = — - — = - '- - = 4.5m. 

AkeN 30 V 


(b) If the potential were a linear function of r then it would have equally spaced 
equipotentials, but since V ocl/r they are spaced more and more widely apart as r 
increases. 


99. (a) Let the quark-quark separation be r. To "naturally" obtain the eV unit, we 
plug in for one of the e values involved in the computation: 

1 (2 g /3)(2g/3) _4fe _ 4(8.99xl0 9 N-m 2 /C 2 )(l.60xl0 19 c) 
C/up - up_ 4^ 0 r ~9r e ~ " 9(l.32xl0 15 m) ~ " 

= 4.84 x 10 5 eV = 0.484 MeV. 

(b) The total consists of ali pair-wise terms: 

(2e/3)(2e/3) (-e/3)(2e/3) (-e/3)(2e/3)~| _ 
r r r 


£/ = - 


100. (a) At the smallest center-to-center separation d p the initial kinetic energy K { of the 

proton is entirely converted to the electric potential energy between the proton and the 
nucleus. Thus, 


K : =- 


1 eq h 


ead 


82e 2 


Ans, d p 4ne 0 d p 


In solving for d using the eV unit, we note that a factor of e cancels in the middle line: 


4.80xl0 6 eV 
= 2.5xl0~ 14 m = 25fm. 


82e 2 / o ,,82(l.6xlO" I9 C) 

8 \ 6 - = (8.99 x IO 9 N • m 2 /C 2 ) ) OA 1A(M 1 


4.80xlO°V 


It is worth recalling that 1 V = 1 N • m/C , in making sense of the above manipulations. 

(b) An alpha particle has 2 protons (as well as 2 neutrons). Therefore, using r^ n for the 
new separation, we find 


K, = 


1 '/a^lead _ 2 


4ks 0 d a 


82e 2 
y Ans 0 d aJ 


%2e 


4ns 0 d p 


which leads to d a l d p = 2.00 . 


101. (a) The charge on every part of the ring is the same distance from any point P on the 

axis. This distance is r = Vz 2 + R 2 , where R is the radius of the ring and z is the distance 
from the center of the ring to P. The electric potential at P is 


1 r dq _ 1 r 

Att c J v Att c J 


dq 


4ns Q ò r 4ns Q J ^J z 2 +R 2 4ns Q ^J z 2 +R 2 J 4ns Q ^ Z 2 + R z 


, r.2 J J /Urt 


(b) The electric field is along the axis and its component is given by 


E = 


ÔV 

'~ôz 


q Õ (z 2 +R 2 y u2 = q 


Í1\ 


4ns 0 ôz 


4ns 0 yij 


(z z +R 2 r 3n (2z) = 


4ns 0 ( z 2 +R 2 ) 312 


This agrees with Eq. 23-16. 


102. The electric potential energy is 


Mi 


q 1 q 2 +q 1 q 3 +q 2 q 4 +q 3 q 4 + 


q&A , 


■ + 


V2 V2 


(8.99xl0 9 ) 


1.3 

= -1.2xlCT 6 J 


(12)(-24) + (12)(3 1) + (-24)(17) + (3 1)(17) + (12) *j 7) + ( 24 ^ 31) 

V2 V2 


19x2 


(IO" 1 *) 


103. (a) With V = 1000 V, we solve V = qlAns a R, where R = 0.010 m for the net charge 

on the sphere, and find q = 1.1 x 10~ 9 C. Dividing this by e yields 6.95 x 10 9 electrons 
that entered the copper sphere. Now, half of the 3.7 x 10 decays per second resulted in 
electrons entering the sphere, so the time required is 

6-95 x IO 9 =38g 
(3.7 x 10 8 /s)/ 2 

(b) We note that 100 keV is 1.6 x 10 14 J (per electron that entered the sphere). Using the 
given heat capacity, we note that a temperature increase of AT = 5.0 K = 5.0 C° required 
71.5 J of energy. Dividing this by 1.6 x 10~ 14 J, we find the number of electrons needed 
to enter the sphere (in order to achieve that temperature change); since this is half the 
number of decays, we multiply to 2 and find 

7Y=8.94x 10 15 decays. 

We divide /V by 3.7 x 10 to obtain the number of seconds. Converting to days, this 
becomes roughly 280 days. 


104. The charges are equidistant from the point where we are evaluating the potential — 
which is computed using Eq. 24-27 (or its integral equivalent). Eq. 24-27 implicitly 
assumes V — > 0 as r — > oo. Thus, we have 

v _ l +Q l , l -26. , 1 +36. _ 1 2Q, 

4ns 0 R 4ns 0 R 4ns 0 R 4ns 0 R 

2(8.99xl0 9 N-m 2 /C 2 )(4.52xl0" 12 C) 

= = 0.956 V. 

0.0850 m 


105. Since the electric potential energy is not changed by the introduction of the third 
particle, we conclude that the net electric potential evaluated at P caused by the original 
two particles must be zero: 


Setting r\ = 5d/2 and r 2 = 3d 12 we obtain qi = - 5<?2/3, or q 1 1 q 2 = -5 / 3 « -1 .7 . 


106. (a) Clearly, the net voltage 


y= « +. 2 <? 


Ans Q I x I 4tts q \d - x I 


is not zero for any finite value of x. 

(b) The electric field cancels at a point between the charges: 

47T£ 0 X 2 47T£ Q (d -X) 2 

which has the solution: x = (^2 - \)d = 0.41 m. 


107. This can be approached more than one way, but the simplest is to observe that the 
net potential (using Eq. 24-27) due to q\ = +2e and q 3 = -2e is zero at both the initial and 
final positions of the movable charge q 2 = +5q. This implies that no work is necessary to 
effect its change of position, which, in turn, implies there is no resulting change in 
potential energy of the configuration. Hence, the ratio is unity. 


108. We use E x = -dV/dx, where dV/dx is the local slope of the V vs. x curve depicted in 
Fig. 24-69. The results are: 


(a) E x (ab) = -6.0 V/m, 

(b) E^bc) = 0, 

(c) E x (cd) = 3.0 V/m, 

(d) E x (de) = 3.0 V/m, 

(e) £ x (e/) = 15V/m, 

(f) E x (fg) = 0, 

(g) Ê#) = -3.0V/m. 

Since these values are constant during their respective time-intervals, their graph consists 
of several disconnected line-segments (horizontal) and is not shown here. 


109. (a) We denote the surface charge density of the disk as <j\ for 0 < r < R/2, and as cr 2 
for R/2 <r < R. Thus the total charge on the disk is given by 


Ír R / 2 c R n 2 í \ 

lik ^9 = J 0 2nu 1 rdr + j^2n<J 2 rdr = — R y<j l +3<j 2 ) 

= -(2.20xl0 2 m) 2 [l.50xl0" 6 C/m 2 +3(8.00xl0" 7 C/m 2 ) 


= 1.48xlO~ 9 C 


(b) We use Eq. 24-36: 


R/2 a^nR^dR' f « a 2 (2nR')dR' 


v(z)=\ dv= k r ^ > + r )ai 


cr, 


2s n 


R 2 


z + z 

J 4 , 


+ - 


cr. 


2<?n 


z +■ 


tf 2 


Substituting the numerical values of <ti, cr 2 , i? and z, we obtain V(z) = 7.95 x 10 V. 


110. The net potential (at point A or B) is computed using Eq. 24-27. Thus, using k for 
174718o, the difference is 


■v B = 


ke | k(-5e) 
d 5d 


ke^ k(-5e) 
2d 2d 


2ke 


V J 
9 xt ™2 ^.,m-i9 


2(8.99 xlO N- m7C 2 )(l -6 x 10 iy C) 


5.60x10 6 m 


= 5.14xl0~ 4 V. 


111. We denote q = 25 x 10 y C, y = 0.6 m, x = 0.8 m, with V = the net potential 
(assuming V — > 0 as r — > qo). Then, 


4^ 0 _y 4^ 0 * 


-. n 


+- 


4^ 0 * 4^ 0 j 


leads to 


2 q 2 q _ 2q 


Aks q x Aks q y Atts 0 
= 2(8.99x IO 9 N • m 2 /C 2 )(25 x 10~ 9 C) 


j__J_ 

x y 


1 


0.80 m 0.60 m 


= -187 V 


112. (a) The total electric potential energy consists of three equal terms: 

v = gl 42 + Q2 Q3 + 4l<?3 
47ts 0 r 47rs 0 r 47ts 0 r 

e -is 

where q\ = qi = q?, = q = - ^ , and r = 2.82 x 10 m as given in the problem. The result is 

3a 2 3(8.99xl0 9 N-m 2 /C 2 )(-1.60xl0" lc, C/3) 2 

U = ^— = ^- ^- = 2.72xlCT 14 J. 

4;a? 0 r 2.82xl0~ 15 m 

(b) Dividing by the square of the speed of light (roughly 3.0 x 10 8 m/s), we obtain 

U 2.72xl0 14 J 0/v , 1rt3ll 

m = ^ = s t = 3.02x10 31 kg 

c 2 (3.0xl0 8 m/s) 2 

which is about a third of the correct electron mass value. 


1 13. A positive charge q is a distance r - d from P, another positive charge q is a distance 
r from P, and a negative charge -q is a distance r + d from P. Sum the individual electric 
potentials created at P to find the total: 


V = 


4ne n 


1 1 1 

- + - 


r—d r r+d 


We use the binomial theorem to approximate l/(r - d) for r much larger than d: 


r 

Similarly, 


= ( r -J)- 1 ^( r )- 1 -( r )- 2 (-J) = - + 
r — a r r 


1 ^ 

r + J r r 2 


Only the first two terms of each expansion were retained. Thus, 


1 14. (a) The net potential is 


where r\ = \}x 2 + y 2 and r 2 = \j(x-d) 2 + y 2 . The distance d is 8.6 nm. To find the locus 
of points resulting in V = 0, we set V\ equal to the (absolute value of) V2 and square both 
sides. After simplifying and rearranging we arrive at an equation for a circle: 

2 A M 9çtf 225 2 
y + ^ + 16j =256 J • 

From this forni, we recognize that the center of the circle is -9J/16 = - 4.8 nm. 

(b) Also from this form, we identify the radius as the square root of the right-hand side: R 
= 15 d/16 = 8.1 nm. 

(c) If one uses a graphing program with "implicitplot" features, it is certainly possible to 
set V = 5 volts in the expression (shown in part (a)) and find its (or one of its) 
equipotential curves in the xy plane. In fact, it will look very much like a circle. 
Algebraically, attempts to put the expression into any standard form for a circle will fail, 
but that can be a frustrating endeavor. Perhaps the easiest way to show that it is not truly 
a circle is to find where its "horizontal diameter" D x and its "vertical diameter" D y (not 
hard to do); we find D x = 2.582 nm and D y = 2.598 nm. The fact that D x ^ D y is evidence 
that it is not a true circle. 


115. The (implicit) equation for the pair (x,y) in terms of a specific V is 


v= f + ^ 

4us 0 ^x 2 + y 2 4ns 0 ^x 2 +(y-d) 2 

where d = 0.50 m. The values of q\ and qi are given in the problem. 

(a) We set V = 5.0 V and plotted (using MAPLE's implicit plotting routine) those points 
in the xy plane which (when plugged into the above expression for V) yield 5.0 volts. The 
result is 



(b) In this case, the same procedure yields these two equipotential lines: 



(c) One way to search for the "crossover" case (from a single equipotential line, to two) is 
to "solve" for a point on the y axis (chosen here to be an absolute distance £, below q\ - 
that is, the point is at a negative value of y, specifically at y = -í) in terms of V (or more 
conveniently, in terms of the parameter r\ = 47i:8oV x 10 10 ). Thus, the above expression 
for V becomes simply 


-12 25 
ri = — + - 


Ç d + í 

This leads to a quadratic equation with the (formal) solution 


13- Jti+a/J 2 ti 2 + 169-74 7r\ 
^~ 2 T] " • 

Clearly there is the possibility of having two solutions (implying two intersections of 
equipotential lines with the -y axis) when the square root term is nonzero. This suggests 
that we explore the special case where the square root term is zero; that is, 

VdV+ 169-74 dr\ = 0 . 

Squaring both sides, using the fact that d = 0.50 m and recalling how we have defined the 
parameter r\, this leads to a "criticai value" of the potential (corresponding to the 
crossover case, between one and two equipotentials): 

_ 37 - 20^ criticai , » 

Tlcritical- d => Kritícal = ^ x 1Q 10 = 4.2 V. 


116. From the previous chapter, we know that the radial field due to an infinite line- 
source is 

2ns Q r 

which integrates, using Eq. 24-18, to obtain 

ti X n dr X ( r f \ 

V t =V f + — = v f+ ln— . 

2ns 0 Jr - r 2ns 0 ^ r t J 

The subscripts i and / are somewhat arbitrary designations, and we let V, = V be the 
potential of some point P at a distance r, = r from the wire and Vf = V Q be the potential 
along some reference axis (which intersects the plane of our figure, shown next, at the xy 
coordinate origin, placed midway between the bottom two line charges — that is, the 
midpoint of the bottom side of the equilateral triangle) at a distance r/ = a from each of 

the bottom wires (and a distance a^Í3 from the topmost wire). Thus, each side of the 
triangle is of length 2a. Skipping some steps, we arrive at an expression for the net 
potential created by the three wires (where we have set V a = 0): 


X 
4ns r , 


-ln 


x 2 + 


(y-a4?>) 


({x + af + y 2 )[(x-af + y 2 ) 


which forms the basis of our contour plot shown below. On the same plot we have shown 
four electric field lines, which have been sketched (as opposed to rigorously calculated) 
and are not meant to be as accurate as the equipotentials. The ±2X by the top wire in our 
figure should be -2X (the ± typo is an artifact of our plotting routine). 


117. From the previous chapter, we know that the radial field due to an infinite line- 
source is 

E- 1 


2ns 0 r 


which integrates, using Eq. 24-18, to obtain 


V,=V f + 


X çr f dr X 

— = V f + ln 

2%e 0 Jr ' r 2ns 0 


The subscripts i and / are somewhat arbitrary designations, and we let V, = V be the 
potential of some point P at a distance r, = r from the wire and Vf = V 0 be the potential 
along some reference axis (which will be the z axis described in this problem) at a 
distance r/ = a from the wire. In the "end-view" presented here, the wires and the z axis 
appear as points as they intersect the xy plane. The potential due to the wire on the left 
(intersecting the plane at x = -a) is 


(-X) 

V =V +- — -ln 

negative wire o 


and the potential due to the wire on the right (intersecting the plane at x = +a) is 


(+X) 

V =V +- — Mn 

positive wire 'o 2.TZS 


^(x-af + y 2 


Since potential is a scalar quantity, the net potential at point P is the addition of V-% and 
V+x which simplifies to 


V mt = 2V Q + 


X 


2ns n 


( ( 
ln 


a 


^(x-af + y 2 


-ln 


J 


y[{x + ã) 


2 2 

+ y 


x 


4ns a 


-ln 


)) 


(x + a) +y 
(x-af +y 2 


where we have set the potential along the z axis equal to zero (V 0 = 0) in the last step 
(which we are free to do). This is the expression used to obtain the equipotentials shown 
next. The center dot in the figure is the intersection of the z axis with the xy plane, and the 
dots on either side are the intersections of the wires with the plane. 


118. The electric field (along the radial axis) is the (negative of the) derivative of the 

_ -> 
voltage with respect to r. There are no other components of E in this case, so (noting 

that the derivative of a constant is zero) we conclude that the magnitude of the field is 

dV _ Ze (dr' 1 ^_df\_Ze_(\_ r\ 
E ~~ dr -"4tt8 0 1 dr +0 + 2R 3 dr)~ 4m 0 {r 2 ~R 3 ) 

for r < R. This agrees with the Rutherford field expression shown in exercise 37 (in the 
textbook). We note that he has designed his voltage expression to be zero at r = R. Since 
the zero point for the voltage of this system (in an otherwise empty space) is arbitrary, 
then choosing V=0 at r = R is certainly permissible. 


1. (a) The capacitance of the system is 

AV 20V 

(b) The capacitance is independent of q; it is still 3.5 pF. 

(c) The potential difference becomes 

Al/ = , = 200pC = „ v , 
C 3.5 pF 


2. Charge flows until the potential difference across the capacitar is the same as the 
potential difference across the battery. The charge on the capacitar is then q = CV, and 
this is the same as the total charge that has passed through the battery. Thus, 


q = (25 x 10 6 F)(120 V) = 3.0 x 10" 3 C. 


3. For a given potential difference V, the charge on the surface of the plate is 

q = Ne = (nAd)e 


where d is the depth from which the electrons come in the plate, and n is the density of 
conduction electrons. The charge collected on the plate is related to the capacitance and 
the potential difference by q = CV (Eq. 25-1). Combining the two expressions leads to 

C d 
— = ne — . 
A V 

With d IV = d s IV s =5.0xlCT 14 m/V and n = 8.49xl0 28 /m 3 (see, for example, Sample 
Problem 25-1), we obtain 

— = (8.49 x IO 28 / m 3 )(l .6 x 1(T 19 C)(5.0 x 10 - 14 m/V) = 6.79 x 10" 4 F/m 2 . 
A 


4. We use C = Aso/d. 


(a) The distance between the plates is 

As (l.00m 2 )(8.85xl(T 12 C 2 /N-m 2 ) 

d=^ = ^ ^ ^ = 8.85xl0 12 m. 

C l.OOF 

(b) Since d is much less than the size of an atom (~ 1CT 10 m), this capacitar cannot be 
constructed. 


5. (a) The capacitance of a parallel-plate capacitor is given by C = SoAld, where A is the 
area of each plate and d is the plate separation. Since the plates are circular, the plate area 
is A = kR 2 , where R is the radius of a plate. Thus, 


£ xR 2 (8.85xKT 12 F/mW(8.2xl(T 2 m) 

c= Vr^ = V /__^ ^ = 1.44xl0 10 F = 144pF. 

d 1.3xl0 3 m 


(b) The charge on the positive plate is given by q = CV, where V is the potential 
difference across the plates. Thus, 

q = (1.44 x IO" 10 F)(120 V) = 1.73 x 1CT 8 C = 17.3 nC. 


6. (a) Weuse Eq. 25-17: 

ab (40.0 mm) (38.0 mm) 

C = 4ks = - — - = 845pF 

°b-a (8.99 x IO 9 ^fl) (40.0 mm -38.0 mm) 

(b) Let the area required be A. Then C = SqAIQ) - a), or 

_ C(b-a) _ (84.5pF)(40.0mm-38.0mm) _ 2 
A — — -. — - r — 191 cm . 

(8.85X10 12 ^) 


7. Assuming conservation of volume, we find the radius of the combined spheres, then 
use C = 4tzsqR to find the capacitance. When the drops combine, the volume is doubled. It 
is then V = 2(4n/3)R 3 . The new radius R' is given by 

/ ^(r>)' =2 —R' => R' = 2^R. 
3 v ' 3 

The new capacitance is 

C = 4ne 0 R' = 4ns Q 2 1/3 R = 5.04ns () R. 
With R = 2.00 mm, we obtain C = 5.04ti (8.85 x IO" 12 F/m) (2.00x 10~ 3 m) = 2.80x 10 13 F . 


8. The equivalent capacitance is 


eq Q + C 2 1 0.0 //F + 5.00 //F 


9. The equivalent capacitance is 


c _ (C 1+ C 2 )C 3 _ (10.0 / /F + 5.00//F)(4.00 / /F) _ 3 ^ 


eq 


10.0 //F + 5.00 //F + 4.00 //F 


10. The equivalent capacitance is given by C eq = q/V, where q is the total charge on ali the 
capacitors and V is the potential difference across any one of them. For ./V identical 
capacitors in parallel, C eq = NC, where C is the capacitance of one of them. Thus, 
NC = q/V and 

._ a 1.00C ... 


11. The charge that passes through meter A is 

q = C eq V = 3CV = 3(25.0 juF) (4200 V) = 0.3 15 C. 


12. (a) The potential difference across C\ is V\ = 10.0 V. Thus, 

qi = CiVi = (10.0 //F)(10.0 V) = 1.00 x IO" 4 C. 


(b) Let C = 10.0 juF. We first consider the three-capacitor combination consisting of C2 
and its two closest neighbors, each of capacitance C. The equivalent capacitance of this 
combination is 

C=C+-Ç£-=1.50 C. 
eq C + C, 


Also, the voltage drop across this combination is 


v=- cy ' 


cv, 


C + C C + 1.50C 

eq 


=o.4oy,. 


Since this voltage difference is divided equally between C2 and the one connected in 
series with it, the voltage difference across C 2 satisfies V 2 = V/2 = V\/5. Thus 


q 2 =C 2 V 2 =(l0.0ju¥) 


10.0V 


= 2.00xlO" 5 C. 


J 


13. (a) and (b) The original potential difference V\ acros s C\ is 

v _ CJ _ (3.16^F)(100.0V) _ 21 iy 
1 C v +C 2 10.0 juF+ 5.00 juF 

Thus AVi = 100.0 V - 21.1 V = 78.9 V and 

Aqi = CiÁVi = (10.0 //F)(78.9 V) = 7.89 x 10" 4 C. 


14. The two 6.0 |uP capacitors are in parallel and are consequently equivalent to 
C eq =12 fj¥ . Thus, the total charge stored (before the squeezing) is 

ítota! = = (12//F) (10.0 V) = 120 juC. 

(a) and (b) As a result of the squeezing, one of the capacitors is now 12 uF (due to the 
inverse proportionality between C and d in Eq. 25-9) which represents an increase of 
6.0 juF and thus a charge increase of 

A<7 total = AC eq V = (6.0//F) (10.0V) = 60 //C . 


15. The charge initially on the charged capacitar is given by q = C\Vq, where C\ = 100 pF 
is the capacitance and V 0 = 50 V is the initial potential difference. After the battery is 
disconnected and the second capacitar wired in parallel to the first, the charge on the first 
capacitar is q\ = C{V, where V = 35 V is the new potential difference. Since charge is 
conserved in the process, the charge on the second capacitar is qi = q - q\, where Ci is 
the capacitance of the second capacitar. Substituting C\Vq for q and C{V for q\, we obtain 
qi = Ci (Vo - V). The potential difference across the second capacitar is also V, so the 
capacitance is 



<l2_V 0 -V 


V V 


c, = 


50V-35V 
35V 


(lOOpF) = 43 pF. 


16. We note that the voltage across C 3 is V 3 = (12 V - 2 V - 5 V ) = 5 V. Thus, its charge 
is q 3 = C 3 V 3 = 4 nC. 

(a) Therefore, since C u C 2 and C 3 are in series (so they have the same charge), then 

Ci = ^ = 2.0 |uP . 

(b) Similarly, C 2 = 4/5 = 0.80 nF. 


17. (a) First, the equivalent capacitance of the two 4.00 /uF capacitors connected in series 
is given by 4.00 //F/2 = 2.00 juF. This combination is then connected in parallel with two 
other 2.00-//F capacitors (one on each side), resulting in an equivalent capacitance C = 
3(2.00 /uF) = 6.00 /uF. This is now seen to be in series with another combination, which 
consists of the two 3.0-//F capacitors connected in parallel (which are themselves 
equivalent to C = 2(3.00 /uF) = 6.00 /uF). Thus, the equivalent capacitance of the circuit 
is 

C = ^£1 J6.00„F) (6.00„F) p 
eq C + C 6.00//F+6.00//F 


(b) Let V = 20.0 V be the potential difference supplied by the battery. Then 

q = C eq V= (3.00 //F)(20.0 V) = 6.00 x IO" 5 C. 

(c) The potential difference across C\ is given by 

CV (6.00//F) (20.0V) 

V = — — = ^ ?_LA ^ = 10.0V. 

1 C + C 6.00//F+6.00//F 

(d) The charge carried by d is q x = C X V\= (3.00 //F)(10.0 V) = 3.00 x IO 5 C. 

(e) The potential difference across C 2 is given byV 2 =V-V x = 20.0 V - 10.0 V = 10.0 V. 

(f) The charge carried by C 2 is q 2 = C 2 V 2 = (2.00 //F)(10.0 V) = 2.00 x IO 5 C. 

(g) Since this voltage difference V 2 is divided equally between C3 and the other 4.00-//F 
capacitors connected in series with it, the voltage difference across C 3 is given by V 3 = 
V 2 /2 = 10.0 V/2 = 5.00 V. 


(h) Thus, q 3 = C 3 V 3 = (4.00 //F)(5.00 V) = 2.00 x 10" 5 C. 


18. We determine each capacitance from the slope of the appropriate line in the graph. 
Thus, d = (12 nQ/(2.0 V) = 6.0 [iF. Similarly, C 2 = 4.0 \xF and C 3 = 2.0 jiF. The total 
equivalent capacitance is given by 


1 


C C 

^123 M 


C 2 + C 3 


C 1 (C 2 +C 3 ) 


or 


^123 


C,(C 2 +C 3 ) _ (6.0 //F)(4.0 //F + 2.0 //F) _ 36 
C, +C 2 + C 3 ~ 6.0 //F + 4.0 //F + 2.0 /uF ~ 12 


//F = 3.0 //F. 


This implies that the charge on capacitar 1 is q í = (3.0 |u,F)(6.0 V) = 18 |u,C. The voltage 

across capacitar 1 is therefore V\ = (18 |u,C)/( 6.0 |u,F) = 3.0 V. From the discussion in 
section 25-4, we conclude that the voltage across capacitar 2 must be 6.0 V - 3.0 V = 3.0 
V. Consequently, the charge on capacitar 2 is (4.0 |uP)( 3.0 V) = 12 \xC. 


19. (a) After the switches are closed, the potential differences across the capacitors are 
the same and the two capacitors are in parallel. The potential difference from a to b is 
given by V ab = Q/C eq , where Q is the net charge on the combination and C eq is the 
equivalent capacitance. The equivalent capacitance is C eq = C\ + C2 = 4.0 x 1CT 6 F. The 
total charge on the combination is the net charge on either pair of connected plates. The 
charge on capacitar 1 is 

q x = cy = (l.Ox 1(T 6 F)(100 V) = l.Ox 1CT 4 C 

and the charge on capacitar 2 is 

q 2 = C 2 V = (3.0 x 1CT 6 F) (100 V) = 3.0 x IO" 4 C , 

2.0 x IQ- 4 C. The 


5.0 x 10~ 5 C. 
1.5 x 10~ 4 C. 


so the net charge on the combination is 3.0 x 10 4 C - 1.0 x 10 4 C = 
potential difference is 

4.0xlO~ 6 F 

(b) The charge on capacitar 1 is now q\ = C\V ab = (1.0 x IO -6 F)(50 V) = 

(c) The charge on capacitar 2 is now <?2 = C-]V a b = (3.0 x 10~ 6 F)(50 V) = 


20. We do not employ energy conservation since, in reaching equilibrium, some energy is 
dissipated either as heat or radio waves. Charge is conserved; therefore, if Q = CiVbat = 
100 uC, and q\, qi and q 3 are the charges on C\, C2 and C3 after the switch is thrown to 
the right and equilibrium is reached, then 

Q = q\ + qi + q-i ■ 

Since the parallel pair C2 and C3 are identical, it is clear that qi = q^. They are in parallel 
with Ci so that V\=V-}, or 

q L= q ]L 
C C 

which leads to q\ = ç 3 /2. Therefore, 

Q = (q 3 /2) + q 3 +q 3 =5q 3 /2 

which yields q 3 = 2Q/5 = 2(100 juC)/5 = 40 juC and consequently q\ = q 3 /2 = 20 |^C. 


21. Eq. 23-14 applies to each of these capacitors. Bearing in mind that a = q/A, we find 
the total charge to be 

tftotal =<?l + <?2= CmA, +g 2 A 2 = So^i^! +8 0 Ê2A 2 = 3.6 pC 

where we have been careful to convert cm 2 to m 2 by dividing by IO 4 . 


22. Using Equation 25-14, the capacitances are 

2^ 0 L, 2^(8.85xl0" 12 C 2 /N-m 2 )(0.050m) 

C| = = = 2.53 pr 

ln^j/aj) ln( 15 mm/5.0 mm) 

2fls 0 Lj 2;r(8.85xl0 12 C 2 /N-m 2 )(0.090m) _ _ 

C 2 = = = 3.olpr . 

\n(b 2 /a 2 ) ln( 10 mm/2.5 mm) 

Initially, the total equivalent capacitance is 

1 - 1 , 1 - C i +C 2 ^ c _ CA _ (2.53pF)(3.61pD _ p 
C 12 C, C 2 C,C 2 12 C,+C 2 2.53pF + 3.61pF ' ' 

and the charge on the positive plate of each one is (1.49 pF )(10 V) = 14.9 pC. Next, 
capacitar 2 is modified as described in the problem, with the effect that 

2ks {) L 2 2;r(8.85xl0 12 C 2 /N-m 2 )(0.090m) . _ 

C 2 = = = 2.17 pr . 

\n(b' 2 /a 2 ) ln(25 mm/2.5 mm) 

The new total equivalent capacitance is 

_ S Ç L= (2J3 P FX2.17pF) 
C,+C 2 2.53 pF + 2.17 pF 


and the new charge on the positive plate of each one is (1.17 pF)(10 V) = 11.7 pC. Thus 
we see that the charge transferred from the battery (considered in absolute value) as a 
result of the modification is 14.9 pC - 1 1.7 pC = 3.2 pC. 

(a) This charge, divided by e gives the number of electrons that pass point P. Thus, 

1.6xlO" I9 C 


(b) These electrons move rightwards in the figure (that is, away from the battery) since 
the positive plates (the ones closest to point P) of the capacitors have suffered a decease 
in their positive charges. The usual reason for a metal plate to be positive is that it has 
more protons than electrons. Thus, in this problem some electrons have "returned" to the 
positive plates (making them less positive). 


23. (a) and (b) We note that the charge on C 3 is q 3 = 12 uC - 8.0 uC = 4.0 uC. Since the 
charge on C 4 is q A = 8.0 uC, then the voltage across it is g 4 /C 4 = 2.0 V. Consequently, the 
voltage V 3 across C 3 is 2.0 V => C 3 = g 3 /V 3 = 2.0 uF. 

Now C 3 and C 4 are in parallel and are thus equivalent to 6 |uP capacitar which would then 
be in series with C 2 ; thus, Eq 25-20 leads to an equivalence of 2.0 uF which is to be 
thought of as being in series with the unknown C\ . We know that the total effective 
capacitance of the circuit (in the sense of what the battery "sees" when it is hooked up) is 
(12 |u,C)/Vbattery = 4uF/3. Usuig Eq 25-20 again, we find 


24. For maximum capacitance the two groups of plates must face each other with 
maximum area. In this case the whole capacitar consists of (n - 1) identical single 
capacitors connected in parallel. Each capacitar has surface area A and plate separation d 
so its capacitance is given by Co = SoAld. Thus, the total capacitance of the combination is 

C = („ -1) C„ = S " A = g - 1)(8 - 85 X ir " C ' m ■ m2 )( '- 25x m2 > = 2.28 x 10-» F. 
v ' 0 d 3.40xl(T 3 m 


25. We note that the total equivalent capacitance is Ci 2 3= [(C 3 ) 1 + (C, + C 2 ) '] 1 = 6 |uP. 


(a) Thus, the charge that passed point a is Ci 23 Vbatt = (6 uF)(12 V) = 72 uC. Dividing this 
by the value e = 1.60 x 1CT 19 C gives the number of electrons: 4.5 x IO 14 , which travei to 
the left - towards the positive terminal of the battery. 


(b) The equivalent capacitance of the parallel pair is Cu = C\ + C 2 = 12 uF. Thus, the 
voltage across the pair (which is the same as the voltage across Ci and C 2 individually) is 

12 uF 


Thus, the charge on C\ is q l = (4 uF)(6 V) = 24 uC, and dividing this by e gives 
N { = q ] I e = 1 .5 x IO 14 , the number of electrons that have passed (upward) though point b. 


(c) Similarly, the charge on C 2 is q 2 = (8 uF)(6 V) = 48 uC, and dividing this by e gives 
N 2 =q 2 /e = 3.0x IO 14 , the number of electrons which have passed (upward) though point 


(d) Finally, since C 3 is in series with the battery, its charge is the same that passed through 
the battery (the same as passed through the switch). Thus, 4.5 x IO 14 electrons passed 
rightward though point d. By leaving the rightmost plate of C 3 , that plate is then the 
positive plate of the fully charged capacitar - making its leftmost plate (the one closest to 
the negative terminal of the battery) the negative plate, as it should be. 


(e) As stated in (b), the electrons travei up through point b. 


(f) As stated in (c), the electrons travei up through point c. 


26. The charges on capacitors 2 and 3 are the same, so these capacitors may be replaced 
by an equivalent capacitance determined from 


1 1 | 1 _ C 2 +C 3 

Qq ^2 ^3 

Thus, C eq = C 2 C 3 /(C 2 + C 3 ). The charge on the equivalent capacitor is the same as the 
charge on either of the two capacitors in the combination and the potential difference 
across the equivalent capacitor is given by q^C^. The potential difference across 
capacitor 1 is q\IC\, where q\ is the charge on this capacitor. The potential difference 
across the combination of capacitors 2 and 3 must be the same as the potential difference 
across capacitor 1, so q\IC\ = q2/C eq . Now some of the charge originally on capacitor 1 
flows to the combination of 2 and 3. If qo is the original charge, conservation of charge 
yields q\ + qi = qo = C\ Vo, where V 0 is the original potential difference across capacitor 1. 

(a) Solving the two equations 


for qi and q 2 , we obtain 

_ cX _ ÇX _ c?(Ci+c 3 )v 0 

C eq + C, C2C3 + c C X C 2 + CjC 3 + C 2 C 3 
C 2 + C 3 

With Vo = 12.0 V, Ci= 4.00 juF, C 2 = 6.00 jJF and C 3 =3.00 jUF, we find C eq = 2.00 juF and 
qi = 32.0 /X:. 

(b) The charge on capacitors 2 is 

Í2 = C,V 0 -í 1 = (4.00//F)(12.0V)-32.0/íC=16.0/íC . 

(c) The charge on capacitor 3 is the same as that on capacitor 2: 

q 3 =Cy 0 -q x =(4.00//F)(12.0V)-32.0//C = 16.0//C . 


27. (a) In this situation, capacitors 1 and 3 are in series, which means their charges are 
necessarily the same: 

, i=ft= QglJ'^)W)(i2.ov) = 

1 3 C t + C 3 1.00//F+3.00//F 

(b) Capacitors 2 and 4 are also in series: 

?j _ 4 = ^ J2.00,,F) (4.00,,F) (12.0V) 

2 4 C 2 +C 4 2.00//F + 4.00//F 

(c) ?3 = ?1 =9.00//C. 

(d) ?4 = ?2 =16.0//C. 

(e) With switch 2 also closed, the potential difference V\ across Ci must equal the 
potential difference across C2 and is 

C+C (3.00//F+4.00//F)(l2.0V) 

V. = 3 4 V = i í! 1 = 8.40V. 

Cy + C 2 + C 3 + C 4 1.00//F + 2.00//F+3.00//F + 4.00//F 

Thus, q x = Ci Vi = (1.00 //F)(8.40 V) = 8.40 juC. 

(f) Similarly, q 2 = C 2 Vi = (2.00 //F)(8.40 V) = 16.8 //C. 

(g) 43 = C 3 (V- Vi) = (3.00 //F)(12.0 V - 8.40 V) = 10.8 //C. 


(h) 44 = C 4 (V- Vi) = (4.00 //F)(12.0 V - 8.40 V) = 14.4 /jC. 


28. Initially the capacitors d, C 2 , and C 3 forni a combination equivalent to a single 
capacitar which we denote C m . This obeys the equation 


C, 


1 


123 


1 1 _C l + C 2 +C 3 


Hence, using q = C\ 23 V and the fact that q = q x = C x V\ , we arrive at 



C, 


123 


v = 


c 2 +c 3 


V . 


c, 


I ^^2 ^ ^^3 


(a) As C 3 — > oo this expression becomes Vi = V. Since the problem states that Vi 
approaches 10 volts in this limit, so we conclude V = 10 V. 

(b) and (c) At C 3 = 0, the graph indicates Vi = 2.0 V. The above expression 
consequently implies Ci = 4C 2 . Next we note that the graph shows that, at C 3 = 6.0 |uP, 
the voltage across Ci is exactly half of the battery voltage. Thus, 


1 


C 2 + 6.0 uF 


C 2 + 6.0 uF 


2 " 


d + C 2 + 6.0 uF 


4C 2 + C 2 + 6.0 uF 


which leads to C 2 = 2.0 uF. We conclude, too, that Ci =8.0 uF. 


29. The total energy is the sum of the energies stored in the individual capacitors. Since 
they are connected in parallel, the potential difference V across the capacitors is the same 
and the total energy is 

U = -( C, + C 2 ) V 2 = -( 2.0 x 1(T 6 F + 4.0 x 1(T 6 f) (300 V) 2 = 0.27 J. 


30. (a) The capacitance is 

e a (8-85 x 1(T 12 C 2 /N-m 2 )(40xlCT 4 m 2 ) 

C = ^ = ± ^ ^ = 3.5xl0 n F = 35pF. 

d 1.0xl0 3 m 

(b) q = CV= (35 pF)(600 V) = 2.1 x C = 21 nC. 

(c) U = \CV 2 = j(35pF)(21nC) 2 =6.3 x 10 6 J = 6.3/J. 

(d) E=V/d = 600 V/l. O x IO 3 m = 6.0 x IO 5 V/m. 

(e) The energy density (energy per unit volume) is 

U 6.3xlO~ 6 J , , t/ 3 

W = = 7 -Y7 ; r = 1.6 J/m . 

AJ (40xl0"*m 2 )(l.0xl0" 3 m) 


31. The energy stored by a capacitar is given by U =\CV 2 , where V is the potential 
difference across its plates. We convert the given value of the energy to Joules. Since 
1 J = 1 W-s, we multiply by (IO 3 W/kW)(3600 s/h) to obtain 10 kW-h = 3.6xl0 7 J . Thus, 

2U 2Í3.6xl0 7 j) 

C = — = — - = 12¥ 

V 2 (1000 v) 2 


32. Let V= 1.00 m 3 . Using Eq. 25-25, the energy stored is 

(l50V/m) 2 (l.00m 3 ) = 9.96xl0^ J. 


1 , 1 

2 0 2 


C 2 ^ 

8.85x10 1 


v 


N-m 2 


33. The energy per unit volume is 


2 2 


f A 2 
e 


32n 2 s 0 r 4 


(a) At r = 1.00xl0 3 m, with e = 1.60xl0 19 C and £ 0 =8.85xl0 12 C 2 /N-m 2 , we nave 
w =9.16x10 18 J/m 3 . 

(b) Similarly, at r = 1.00x10 6 m, w = 9.16xl0~ 6 J/m 3 . 

(c) At r = 1.00xl0 9 m, w=9.16xl0 6 J/m 3 . 

(d) At r = 1.00xl0 12 m, w=9.16xl0 18 J/m 3 . 


(e) From the expression above ucc r . Thus, for r — > 0, the energy density w — > oo. 


34. (a) The potential difference across C\ (the same as across Ci) is given by 

C,V (15.0//F)(100V) 

V =V = — = - A ^ = 500V 

1 2 C,+C 2 +C 3 10.0//F+5.00//F+15.0//F 

Also, V 3 = V- Vi = V- V 2 = 100 V - 50.0 V = 50.0 V. Thus, 

q x =c i V 1 =(10.0//F)(50.0V) = 5.00x10^C 

^ 2 =c 2 y 2 = (5.00//F)(50.0V) = 2.50xlO" 4 C 

q 3 = q y + q 2 = 5.00x 10" 4 C + 2.50x 10" 4 C=7.50x 10" 4 C. 

(b) The potential difference V 3 was found in the course of solving for the charges in part 
(a). Its value is V 3 = 50.0 V. 

(c) The energy stored in C 3 is U 3 =C 3 V 3 2 /2 = (15.0//F)(50.0V) 2 /2 = 1.88xl0" 2 J. 

(d) From part (a), we have q l = 5.00x 10" 4 C , and 

(e) V\ = 50.0 V, as shown in (a). 

(f) The energy stored in C\ is 

U l =^C 1 V l 2 =|(10.0//F)(50.0V) 2 =1.25xl0" 2 J. 

(g) Again, from part (a), q 2 = 2.50xlO" 4 C . 

(h) V 2 = 50.0 V, as shown in (a). 

(i) The energy stored in C 2 is U 2 = ^C 2 V 2 =^-(5.00//F)(50.0V) 2 =6.25xl0" 3 J. 


35. (a) Let q be the charge on the positive plate. Since the capacitance of a parallel-plate 
capacitar is given by s 0 A/d i , the charge is q = CV = £ Q AV i /d j . After the plates are 

pulled apart, their separation is d f and the potential difference is Vf. Then 

q = s 0 AV f /2d and 

d f d f £ a A d f 

v f =—q= f 0 v;=— v r 

s 0 A s 0 A d i d i 

With d i = 3.00x10 3 m, V. =6.00 V and^ = 8.00xlO~ 3 m, we have V f =16.0 V. 

(b) The initial energy stored in the capacitar is 

U =l C V 2 _ g o A ^ 2 _ ( 8 - 85xlQ ' 2 C 2 /N-m 2 )(8.50xlQ- 4 m 2 )(6.00V) 2 _ i 51xlQ _ n } 
' 2 ' 2d, 2(3.00x10 3 m) 


(c) The final energy stored is 


2 d t 


2 d t 


d 


d, ' 


d, 


r e 0 AVr 


-i v 


d, 


With d f ld i =8.00/3.00, we have U f =1.20xl0" 10 J. 


(d) The work done to pull the plates apart is the difference in the energy: 

W= U f -Ui= 7.52x10-" J. 


36. (a) The charge q 3 in the figure is q 3 = C 3 V = (4.00 //F)(100 V) = 4.00 x IO 4 C . 

(b) V 3 = V= 100 V. 

(c) Using U t =\Cyf , we have U 3 = }C 3 V 3 2 = 2.00x10 2 J . 

(d) From the figure, 

£fSL = (10.0/-F)(5.00 A F)(100 V) =33 3 xlg , c 
C,+C 2 10.0//F + 5.00//F 

(e) V! = ^x/Ci = 3.33 x IO" 4 C/10.0 //F = 33.3 V. 

(f) c/ 1 =icyi 2=5 - 55xl0 " 3j - 

(g) Frompart(d), we have g 2 = = 3.33xlO~ 4 C. 

(h) V 2 = V- Vj = 100 V - 33.3 V = 66.7 V. 

(i) t/ 2 =jC 2 V 2 2 =l.llxlO- 2 J. 


37. (a) They each store the same charge, so the maximum voltage is across the smallest 
capacitor. With 100 V across 10 juF, then the voltage across the 20 juF capacitar is 50 V 
and the voltage across the 25 juF capacitor is 40 V. Therefore, the voltage across the 
arrangement is 190 V. 


(b) Using Eq. 25-21 or Eq. 25-22, we sum the energies on the capacitors and obtain [/ to tai 
= 0.095 J. 


38. (a) We calculate the charged surface area of the cylindrical volume as follows: 


A = 2nrh + nr 2 = 2tt(0.20 m)(0. 10 m) + tt(0.20 m) 2 = 0.25 m 2 

where we note from the figure that although the bottom is charged, the top is not. 
Therefore, the charge is q = oA = -0.50 //C on the exterior surface, and consequently 
(according to the assumptions in the problem) that same charge q is induced in the 
interior of the fluid. 

(b) By Eq. 25-21, the energy stored is 

2C 2(35 x IO 12 F) 

(c) Our result is within a factor of three of that needed to cause a spark. Our conclusion is 
that it will probably not cause a spark; however, there is not enough of a safety factor to 
be sure. 


Weuse E = q/4ne Q R 2 =V/R.Thus 
1 


u = — s n E 
2 0 


1 


2 *f 

2 0 






8.85x10 


-12 


: v 8000V ^ 


N-m 2 


0.050 m 


= 0.11 J/m 3 


40. (a) We use C = SoAld to solve for d: 


£ A (8.85 xl(T 12 C 2 /N-m 2 ) (0.35 m 2 ) 

d=^ = ± - = 6.2xl0- 2 m. 

C 50xl0 12 F 


(b) We use C cc k. The new capacitance is 


C = Cindir) = (50 pf)(5.6/1.0) = 2.8xl0 2 pF. 


41. The capacitance with the dielectric in place is given by C = kCq, where Co is 
capacitance before the dielectric is inserted. The energy stored is given 
U = \CV 2 = \kC q V\ so 

2U _ 2(7.4xlQ' 6 J) 
K ~ C 0 V 2 ~ (7.4 x IO" 12 F)(652V) 2 ~ 

According to Table 25-1, you should use Pyrex. 


If the original capacitance is given by C = %A/d, then the new capacitance 
= £ 0 kA 1 2d . Thus CIC = kI2 or 


K = 2C7C = 2(2.6 pF/1.3 pF) = 4.0. 


43. The capacitance of a cylindrical capacitar is given by 


0 \n(b/a) 

where Co is the capacitance without the dielectric, k is the dielectric constant, L is the 
length, a is the inner radius, and b is the outer radius. The capacitance per unit length of 
the cable is 

C _ 27tics 0 _ 27t(2.6)(8.85xl(T 12 F/m) _ Q 1 u 


L \n(b/a) ln[(0.60 mm)/(0.10 mm)] 


= 8.1xlO _11 F/m = 81 pF/m. 


44. Each capacitor has 12.0 V across it, so Eq. 25-1 yields the charge values once we 
know Ci and C 2 . From Eq. 25-9, 

C 2 =^f = 2.21 x IO" 11 F , 

and from Eq. 25-27, 

d = ^ = 6.64 x IO" 11 F . 


This leads to q x = dV x = 8.00 x 10~ 10 C and q 2 = C 2 V 2 = 2.66 x 10~ 10 C. The addition of 
these gives the desired result: q tot = 1.06 x 10 9 C. Alternatively, the circuit could be 
reduced to find the q tot . 


45. The capacitance is given by C = kCq = ksqAIcI, where Co is the capacitance without 
the dielectric, /ris the dielectric constant, A is the plate area, and d is the plate separation. 
The electric field between the plates is given by E = V/d, where V is the potential 
difference between the plates. Thus, d = V/E and C = ksqAE/V. Thus, 

ks q E 

For the area to be a minimum, the electric field must be the greatest it can be without 
breakdown occurring. That is, 


46. (a) Weuse Eq. 25-14: 


C = 27TS 0 K 


(4.7)(0.15 m) 


\n(b/a) 2(8.99xl0 9 ^)ln(3.8 cm/3.6 cm) 


= 0.73 nF. 


(b) The breakdown potential is (14 kV/mm) (3.8 cm - 3.6 cm) = 28 kV. 


47. Using Eq. 25-29, with <j= q/A, we have 


/C£ Q A 


= 200 x 10 3 N/C 


which yields q = 3.3 x 10 7 C. Eq. 25-21 and Eq. 25-27 therefore lead to 


U = 


q 2 d 
2C 2ks q A 


= 6.6x10 5 J 


48. The capacitar can be viewed as two capacitors Ci and C2 in parallel, each with 
surface area A/2 and plate separation d, filled with dielectric materiais with dielectric 
constants K\ and k 2 , respectively. Thus, (in SI units), 


c=c +c 


_ e 0 (A/2)K l | s 0 (A/2)k 2 _e 0 A 


49. We assume there is charge q on one plate and charge -q on the other. The electric 
field in the lower half of the region between the plates is 


i A 


where A is the plate area. The electric field in the upper half is 


E 2 = 


q 


Let d/2 be the thickness of each dielectric. Since the field is uniform in each region, the 
potential difference between the plates is 


V = —>— + —?— 


qd 


2s 0 A 


1 1 

— + — 


qd k x +k 2 


so 


c= q_ = 2£ Q A k x k 2 


d K l +K 2 


This expression is exactly the same as that for C eq of two capacitors in series, one with 
dielectric constant K\ and the other with dielectric constant K2. Each has plate area A and 
plate separation d/2. Also we note that if K\ = k 2 , the expression reduces to C = K\SoA/d, 
the correct result for a parallel-plate capacitar with plate area A, plate separation d, and 
dielectric constant K\. 


With A = 7.89xl0 _4 m 2 , d = 4.62xl0" 3 m, /r^ll.Oand k 2 =12.0 , the capacitance is 


c= 2(8.85x10 " e/N-mQ(7.89xlQ- 4 m z ) (11.0)(12.0) =1 73xl() -ii F 


4.62xl0" j m 


11.0 + 12.0 


50. Let Ci = Sv(AI2)K\l2d = SoA/c^d, C 2 = s 0 (A/2)/c 2 /d = SoAic 2 /2d, and C 3 = £oAic 3 /2d. 
Note that C 2 and C3 are effectively connected in series, while C\ is effectively connected 
in parallel with the C 2 -C 3 combination. Thus, 


C = C,+ 


C 2 C 3 _ s 0 Ak 1 ^e 0 A/d)(K 2 /2){K 3 /2) _e 0 A 


C 2 + C 3 Ad 


k 2 /2+k 3 /2 


4d 


2k^k 


2"- 3 


V K 2 +K 3j 


With A = 1.05xl0~ 3 m 2 , d = 3.56xl0~ 3 m , ^=21.0 , k 2 =42.0 and /r 3 =58.0, the 
capacitance is 


(8.85xl0 12 C 2 /N-m 2 )(l. 05x10^ m z ) 


3 


c = 


4(3.56xl(T 3 m) 


21.0 + 


2(42.0)(58.0) 
42.0 + 58.0 


= 4.55xlO u F. 


51. (a) The electric field in the region between the plates is given by E = V/d, where V is 
the potential difference between the plates and d is the plate separation. The capacitance 
is given by C = KSoAld, where A is the plate area and k is the dielectric constant, so 
d=/cs 0 A/C and 

VC (50 V)(l00xl(T 12 F) 

E = — = —, w w ; - = 1.0xl0 4 V/m. 

K£ 0 A 5.4(8.85 x IO" 12 F/m)(l00x IO" 4 m 2 ) 

(b) The free charge on the plates is q f = CV = (100 x IO" 12 F)(50 V) = 5.0 x IO" 9 C. 

(c) The electric field is produced by both the free and induced charge. Since the field of a 
large uniform layer of charge is qUsoA, the field between the plates is 

E= q f | q f <?, <?, 


2s 0 A 2s 0 A 2s 0 A 2s Q A 

where the first term is due to the positive free charge on one plate, the second is due to 
the negative free charge on the other plate, the third is due to the positive induced charge 
on one dielectric surface, and the fourth is due to the negative induced charge on the other 
dielectric surface. Note that the field due to the induced charge is opposite the field due to 
the free charge, so they tend to cancel. The induced charge is therefore 


q, = q f - s a AE = 5.0 x IO" 9 C - (8.85 x IO" 12 F/m) (100 x IO" 4 m 2 ) (l .0 x IO 4 V/m) 
= 4.1xlO" 9 C = 4.1nC. 


52. (a) The electric field E\ in the free space between the two plates is E\ = q/soA while 
that inside the slab is £2 = E\Ik= q/fcsoA. Thus, 


d-b + 

V KJ 


V Q = E 1 (d-b) + E 2 b = 
and the capacitance is 

c _q _ s a AK _ (8.85xl0 12 C 2 /N-m 2 )(ll5xlQ- 4 m 2 )(2.6l) _ i3 ^ p 
V 0 rc(d-b)+b (2.6l)(0.0124m-0.00780m)+(0.00780m) ' P ' 

(b) q = CV= (13.4 x IO" 12 F)(85.5 V) = 1.15 nC. 

(c) The magnitude of the electric field in the gap is 

1.15 x IO" 9 C 


E, = 


1 e 0 A (8.85xl0 12 £ ? )(ll5xl0- 4 m 2 ) 


= 1.13 x IO 4 N/C. 


(d) Using Eq. 25-34, we obtain 


^ = 1.13x10- N/C =433xl03 
2 k 2.61 1 


53. (a) According to Eq. 25-17 the capacitance of an air-filled spherical capacitar is given 
by 

^ „ f ab ^ 
C 0 = 4ne 0 


b-a 


When the dielectric is inserted between the plates the capacitance is greater by a factor of 
the dielectric constant k. Consequently, the new capacitance is 


C = 4n/cs n 


ab 
b-a 


23.5 (0.0120 m)(0.0170 m) 

8.99xl0 9 N-m 2 /C 2 0.0170 m-0.0120 m 


: 0.107 nF. 


(b) The charge on the positive plate is q = CV = (0.107 nF)(73.0 V) =7.79 nC. 

(c) Let the charge on the inner conductor be -q. Immediately adjacent to it is the induced 
charge q'. Since the electric field is less by a factor \Ik than the field when no dielectric is 
present, then -q + q' = -qlx. Thus, 


, K-\ 


ab 


q = -q = 4n(ic-l)£ 0 - V = 

k b-a 


23.5-1.00 
23^5 


(7.79 nC) = 7.45 nC. 


54. (a) We apply Gauss's law with dielectric: q/sç, = kEA, and solve for rc. 


k = 


q 


8.9x10 C 


s 0 EA (8.85xl0" 12 C 2 /N-m 2 )(l.4xl0" 6 V/m)(l00xl0" 4 m 2 ) 


= 7.2. 


(b) The charge induced is 


q =q 


1 - - | = (8.9 x 10~ 7 C) f 1 — — | = 7.7 x 10 7 C. 
V k) V \ 12) 


55. (a) Initially, the capacitance is 

3 A (8.85xl0 12 C 2 /N-m 2 )(0.12 m 2 ) 


C 

o 


1.2xl0~ 2 m 


= 89 pF. 


(b) Working through Sample Problem 25-7 algebraically, we find: 

e A/c (8.85xl0 12 C 2 /N-m 2 )(0.12m 2 )(4.8) 

C= 0 ^-^ = l-2xl0 2 pF. 

K(d-b) + b (4.8)(1.2-0.40)(10" 2 m) + (4.0xl0" 3 m) 

(c) Before the insertion, q = C Q V (89 pF)(120 V) = 1 1 nC. 

(d) Since the battery is disconnected, q will remain the same after the insertion of the slab, 
with q = 11 nC. 


(e) E = q/ £ 0 A = llxlO y C/(8.85xl0 


\-l2 C 2 


Nm' 


-)(0.12 m 2 ) = 10kV/m. 


(f) E' = EIk= (10 kV/m)/4.8 = 2.1 kV/m. 

(g) The potential difference across the plates is 

V = E(d - b) + E'b = (10 kV/m)(0.012 m - 0.0040 m)+ (2.1 kV/m)(0.40 x IO 3 m) = 88 V. 

(h) The work done is 


W ext =AU = 


q 


c c 


(llxlO~ 9 C) 2 


1 


1 


v 89xl0 ,z F 120xlO" ,z F y 


= -1.7xlO~ 7 J. 


56. (a) Eq. 25-22 yields 

U=^CV 2 =^-(200 x 1(T 12 F)(7.0xl0 3 vf = 4.9 x IO" 3 J. 

(b) Our result from part (a) is much less than the required 150 mJ, so such a spark should 
not have set off an explosion. 


57. Initially the capacitors d, C 2 , and C 3 forni a series combination equivalent to a single 
capacitar which we denote C m . Solving the equation 


1 111 _ C 1 C 2 +C 2 C 3 + C 1 C 3 

^123 Q ^2 ^3 C 1 C 2 C 3 

we obtain C 123 = 2.40 uF. With V = 12.0 V, we then obtain q = C 123 V = 28.8 uC. In the 
final situation, C 2 and C 4 are in parallel and are thus effectively equivalent to 
C 24 =12.0 /uF . Similar to the previous computation, we use 

1 _ 1 | 1 | 1 _ ^"l^-^l ~*~ ^24^*3 ~*~ ^1^3 
^1234 M ^24 ^3 ^1^24^3 


and find C1234 = 3.00 uF. Therefore, the final charge is q = C1234V '= 36.0 uC. 

(a) This represents a change (relative to the initial charge) of Aq = 7.20 uC. 

(b) The capacitar C 24 which we imagined to replace the parallel pair C 2 and C 4 is in series 
with Ci and C 3 and thus also has the final charge q =36.0 uC found above. The voltage 
across C 2 4 would be 

v _í_ = 36^ = 3.00 V. 
24 C 24 12.0 //F 

This is the same voltage across each of the parallel pair. In particular, V 4 = 3.00 V implies 
thatç 4 = C 4 V 4 = 18.0 uC. 

(c) The battery supplies charges only to the plates where it is connected. The charges on 
the rest of the plates are due to electron transfers between them, in accord with the new 
distribution of voltages across the capacitors. So, the battery does not directly supply the 
charge on capacitar 4. 


58. In series, their equivalent capacitance (and thus their total energy stored) is smaller 
than either one individually (by Eq. 25-20). In parallel, their equivalent capacitance (and 
thus their total energy stored) is larger than either one individually (by Eq. 25-19). Thus, 
the middle two values quoted in the problem must correspond to the individual capacitors. 
We use Eq. 25-22 and find 

(a)100uJ =|d(10V) 2 => d =2.0uF 


(b)300uJ = |c 2 (10V) 2 => C 2 = 6.0uF 


59. Initially, the total equivalent capacitance is C 12 = [(Ci) _1 + (C 2 )~ 1 Y l = 3.0 uF, and the 
charge on the positive plate of each one is (3.0 uF)(10 V) = 30 uC. Next, the capacitar 
(call is Ci) is squeezed as described in the problem, with the effect that the new value of 
Ci is 12 |uF (see Eq. 25-9). The new total equivalent capacitance then becomes 

Ci 2 =[(Ci)- 1 + (C 2 )- 1 r 1 = 4.0 uF, 

and the new charge on the positive plate of each one is (4.0 uF)(10 V) = 40 uC. 

(a) Thus we see that the charge transferred from the battery as a result of the squeezing is 
40 u€ - 30 uC = 10 uC. 

(b) The total increase in positive charge (on the respective positive plates) stored on the 
capacitors is twice the value found in part (a) (since we are dealing with two capacitors in 
series): 20 uC. 


60. (a) We reduce the parallel group Ci, C3 and Ca, and the parallel pair C5 and Ce, 
obtaining equivalent values C = 12 uF and C" = 12 uF, respectively. We then reduce the 
series group C\, C and C" to obtain an equivalent capacitance of C eq = 3 uF hooked to 
the battery. Thus, the charge stored in the system is g sys = C eq Vbat = 36 uC . 

(b) Since q sys = q\ then the voltage across Ci is 

qj_ 36 uC 
Ci 6.0 |uF 

The voltage across the series-pair C and C" is consequently Vbat — V\ = 6.0 V. Since C = 
C", we infer V = V" = 6.0/2 = 3.0 V, which, in turn, is equal to V 4 , the potential across 
C4. Therefore, 

q 4 = C4V4 = (4.0 uF)(3.0 V) = 12 uC . 


61. The pair C3 and C\ are in parallel and consequently equivalent to 30 |uP. Since this 
numerical value is identical to that of the others (with which it is in series, with the 
battery), we observe that each has one-third the battery voltage across it. Hence, 3.0 V is 
across C4, producing a charge 


q 4 = C4V4 = (15 nF)(3.0 V) = 45 


62. (a) The potential across Ci is 10 V, so the charge on it is 

qi = C1V1 = (10.0 nF)(10.0 V) = 100 \iC. 

(b) Reducing the right portion of the circuit produces an equivalence equal to 6.00 |uP, 
with 10.0 V across it. Thus, a charge of 60.0 uC is on it — and consequently also on the 

bottom right capacitar. The bottom right capacitar has, as a result, a potential across it 
equal to 

q 60 uC 
V = £ = T7r^=6.00V 
C 10 uF 

which leaves 10.0 V - 6.00 V = 4.00 V across the group of capacitors in the upper right 
portion of the circuit. Inspection of the arrangement (and capacitance values) of that 
group reveals that this 4.00 V must be equally divided by C2 and the capacitar directly 
below it (in series with it). Therefore, with 2.00 V across C2 we find 


q 2 = C 2 V 2 = (10.0 uF)(2.00 V) = 20.0 uC 


63. The pair C\ and C2 are in parallel, as are the pair C3 and Ca, they reduce to equivalent 
values 6.0 uF and 3.0 |uP, respectively. These are now in series and reduce to 2.0 uF, 
across which we have the battery voltage. Consequently, the charge on the 2.0 uF 
equivalence is (2.0 uF)(12 V) = 24 uC. This charge on the 3.0 uF equivalence (of C3 and 
C4) has a voltage of 

y=^ = ^f=8.ov. 

C 3 |uF 


Finally, this voltage on capacitar C 4 produces a charge (2.0 uF)(8.0 V) = 16 uC. 


64. (a) Here D is not attached to anything, so that the 6C and AC capacitors are in series 
(equivalent to 2 AC). This is then in parallel with the 2C capacitar, which produces an 
equivalence of 4 AC. Finally the 4.4C is in series with C and we obtain 



= 0.82C = 0.82(50 juF) = 41 /uF 


C + AAC 


where we have used the fact that C = 50 juF. 

(b) Now, B is the point which is not attached to anything, so that the 6C and 2C 
capacitors are now in series (equivalent to 1.5C), which is then in parallel with the AC 
capacitar (and thus equivalent to 5.5C). The 5.5C is then in series with the C capacitar; 
consequently, 



(C)(5.5C) 


= 0.85C = 42 juF . 


C + 5.5C 


65. (a) The equivalent capacitance is 

QC 2 _ (6.00//F)(4.00//F) 
eq ~ Q +C 2 ~ 6.00 //F + 4.00 /jF 

(b) <?i = C eq V = (2.40 //F)(200 V) = 4.80 x IO" 4 C. 

(c) Vi = qxICx = 4.80 x IO -4 C/6.00 /uF = 80.0 V. 

(d) q 2 = qi = 4.80 x IO" 4 C. 

(e) V 2 = V- Vx = 200 V - 80.0 V = 120 V. 


66. (a) Now C eq = d + C 2 = 6.00 juF + 4.00 juF = 10.0 fJF. 

(b) ?1 = dV= (6.00 //F)(200 V) = 1.20 x IO" 3 C. 

(c) V 1= 200 V. 

(d) q 2 = C 2 V= (4.00 //F)(200 V) = 8.00 x IO" - * C. 

(e) V 2 = V! = 200 V. 


67. We cannot expect simple energy conservation to hold since energy is presumably 
dissipated either as heat in the hookup wires or as radio waves while the charge oscillates 
in the course of the system "settling down" to its final state (of having 40 V across the 
parallel pair of capacitors C and 60 /uF). We do expect charge to be conserved. Thus, if 
Q is the charge originally stored on C and q\, q2 are the charges on the parallel pair after 
"settling down," then 

Q = q x +q 2 => C(l00V) = C(40V) + (60//F)(40V) 
which leads to the solution C = 40 /uF. 


68. We first need to find an expression for the energy stored in a cylinder of radius R and 
length L, whose surface lies between the inner and outer cylinders of the capacitor (a < R 
< b). The energy density at any point is given by u = j£ Q E 2 , where E is the magnitude of 

the electric field at that point. If q is the charge on the surface of the inner cylinder, then 
the magnitude of the electric field at a point a distance r from the cylinder axis is given 
by (seeEq. 25-12) 

2ns 0 Lr 

and the energy density at that point is 

M = j g£ 2 = q 2 

U 2 £ ° Sn 2 s Q L 2 r 2 ' 

The corresponding energy in the cylinder is the volume integral 

U R =\udV. 

Now, dV = InrLdr , so 

U r=\ — 2 2 2 InrLdr = ^ — = — ^ ln — . 

Ja 8tt £ Q Lr 4ns 0 L Ja r 4ne Q L a 

To find an expression for the total energy stored in the capacitor, we replace R with b: 

4ne () L a 

We want the ratio UglUb to be 1/2, so 

m* -Ih* 

ala 

or, since \\n(bla) = \n(4bTa), \n(R I a) = \n(^[bTa) . This means RI a = a or 
R = y[ãb . 


69. (a) Since the field is constant and the capacitors are in parallel (each with 600 V 
across them) with identical distances (d = 0.00300 m) between the plates, then the field in 
A is equal to the field in B: 

= - = 2.00xl0 5 V/m. 

d 1 


(b) I É I = 2.00 x IO 5 V/m . See the note in part (a). 


(c) For the air-filled capacitar, Eq. 25-4 leads to 


cr = — = £, 


= 1.77 x IO" 6 C/m 2 


(d) For the dielectric-filled capacitar, we use Eq. 25-29: 


(J = KS, 


= 4.60 x IO" 6 C/m 2 


(e) Although the discussion in the textbook (§25-8) is in terms of the charge being held 
fixed (while a dielectric is inserted), it is readily adapted to this situation (where 
comparison is made of two capacitors which have the same voltage and are identical 
except for the fact that one has a dielectric). The fact that capacitar B has a relatively 
large charge but only produces the field that A produces (with its smaller charge) is in 
line with the point being made (in the text) with Eq. 25-34 and in the material that 
follows. Adapting Eq. 25-35 to this problem, we see that the difference in charge 
densities between parts (c) and (d) is due, in part, to the (negative) layer of charge at the 
top surface of the dielectric; consequently, 


cr' = (1.77 x IO" 6 ) - (4.60 x IO" 6 ) = -2.83 x IO" 6 C/m 2 


70. (a) The equivalent capacitance is C eq = C\Cil{C\ + Ci). Thus the charge q on each 
capacitar is 


_ C,C 2 y _ (2.00 / /F)(8.00//F)(300V) _ A on „ in _ 4 , 

+ 8 

,-4 , 


q = q = q 2 = CV = 12 = v ^ /v ^ /v ' =4.80xl(TC. 
1 2 eq C,+C 2 2.00//F + 8.00//F 


(b) The potential difference is Vi = qlC x = 4.80 x 10 C/2.0 //F = 240 V. 

(c) As noted in part (a), q 2 =q l = 4.80xlO^C. 

(d) V 2 = V- Vi = 300 V - 240 V = 60.0 V. 

Now we have q\IC\ = <7VC 2 = V (V being the new potential difference across each 
capacitar) and q\ + q'i = 2q. We solve for q'\,q'i and V: 


(e) = JSi_ = ^«P^TOxlO^C) 
C,+C 2 2.00/JF+8.00//F 


1 C, 2.00 //F 

(g) =2^-^ =7.68xlO^C. 

(h) v;=v;=96.ov. 

(i) In this circumstance, the capacitors will simply discharge themselves, leaving q\ =0, 
(j) Vi=0, 

(k) ^2 = 0, 

(1) and V 2 =V l = 0. 


71. We use U =\CV 2 . As V is increased by AV, the energy stored in the capacitar 
increases correspondingly from U to U + At/: [/ + At/ = {C(V + AV) 2 . Thus, 
(1 + AV/V) 2 = 1 +At//t/,or 


AV 1 + A^_i = ^i + io% -1 = 4.9% 
V t/ 


72. We use C = SqkAIcI <x xld. To maximize C we need to choose the material with the 
greatest value of /c/d. It follows that the mica sheet should be chosen. 


73. We may think of this as two capacitors in series C\ and C2, the former with the 
k x =3.00 material and the latter with the k 2 = 4.00 material. Upon using Eq. 25-9, Eq. 

25-27 and then reducing C\ and C2 to an equivalent capacitance (connected directly to the 
battery) with Eq. 25-20, we obtain 


í 


C e q — 


^->-f = 1.52 x IO" 10 F 


Therefore, q = C eq V= 1.06 x 10~ y C. 


74. (a) The length d is effectively shortened by b so C = SoAI(d - b) = 0.708 pF. 

(b) The energy before, divided by the energy after inserting the slab is 

U _ q 2 /2C _C _ s {) AI(d-b) _ d 5.00 
Tr~ q 2 /2C'~~C~ £ {) Ald ~d-b~ 5.00-2.00" 

(c) The work done is 


W = AU = U'-U = 


1 f\ O 


c c 


2s 0 A 


(d-b-d) = 


q 2 b 
2^Ã 


= -5.44 J. 


(d) Since W < 0 the slab is sucked in. 


75. (a) C = £oA/(d -b) = 0.708 pF, the same as part (a) in Problem 25-74. 


(b) The ratio of the stored energy is now 


U _ \CV 2 _ C _ e 0 A/d 


d-b 5.00-2.00 


= 0.600. 


U' \C'V 2 C s 0 A/(d-b) 


d 5.00 


(c) The work done is 


W = AU = U '-U = -(C'-C)V 2 = ^ 
2 2 


V 


d-b 


1 


d 


V 2 = 


s () AbV 2 
2d(d-b) 


= 1.02xlO" J J. 


(d) In Problem 25-74 where the capacitar is disconnected from the battery and the slab is 
sucked in, F is certainly given by -dUldx. However, that relation does not hold when the 
battery is left attached because the force on the slab is not conservative. The charge 
distribution in the slab causes the slab to be sucked into the gap by the charge distribution 
on the plates. This action causes an increase in the potential energy stored by the battery 
in the capacitar. 


76. (a) Put five such capacitors in series. Then, the equivalent capacitance is 2.0 //F/5 = 
0.40 juF. With each capacitar taking a 200-V potential difference, the equivalent capacitar 
can withstand 1000 V. 

(b) As one possibility, you can take three identical arrays of capacitors, each array being a 
five-capacitor combination described in part (a) above, and hook up the arrays in parallel. 
The equivalent capacitance is now C eq = 3(0.40 juF) =1.2 juF. With each capacitar taking 
a 200-V potential difference the equivalent capacitar can withstand 1000 V. 


77. The voltage across capacitar 1 is 


ÍL= 30 Zf C =30v 
Q 10//F 

Since Vi = V2, the total charge on capacitar 2 is 

q 2 = C 2 V 2 = (20 juF) (2 V) = 60 //C , 

which means a total of 90 //C of charge is on the pair of capacitors C\ and C2. This 
implies there is a total of 90 //C of charge also on the C3 and C4 pair. Since C 3 = C4, the 
charge divides equally between them, so q 3 = q 4 = 45 juC. Thus, the voltage across 
capacitar 3 is 

C 3 ~ 20 //F 


y 3 =^ = ^^ = 2.3V 


Therefore, \V A - V B \ = Vi + V 3 = 5.3 V. 


78. One way to approach this is to note that - since they are identical - the voltage is 
evenly divided between them. That is, the voltage across each capacitar is V = (10/n) volt. 

6 1 2 

With C = 2.0 x 10 ° F, the electric energy stored by each capacitar is ^ CV . The total 

energy stored by the capacitors is n times that value, and the problem requires the total be 
equal to 25 x 10 6 J. Thus, 

2 

§(2.0 x 10~ 6 )(v) = 25 x IO" 6 

leads to n = 4. 


1. (a) The charge that passes through any cross section is the product of the current and 
time. Since t = 4.0 min = (4.0 min)(60 s/min) = 240 s, 

q = it = (5.0 A)(240 s) = 1.2x 10 3 C. 

(b) The number of electrons N is given by q = Ne, where e is the magnitude of the charge 
on an electron. Thus, 

tf=g/e = (1200C)/(1.60x 10~ 19 C) = 7.5 x IO 21 . 


2. Suppose the charge on the sphere increases by Aq in time At. Then, in that time its 
potential increases by 

AV = ^-, 

where r is the radius of the sphere. This means Aq = Aus^r AV . Now, Ag = (z'i n - z' out ) At, 
where i m is the current entering the sphere and z' out is the current leaving. Thus, 


Aq _ Ans Q rAV (0.10 m)(l000 V) 

~ L ~ Lt ~ L ~ Lt ~ (8.99 x IO 9 F/m) (1 .0000020 A - 1 .0000000 A) 

= 5.6xl0~ 3 s. 


3. We adapt the discussion in the text to a moving two-dimensional collection of charges. 
Using cr for the charge per unit area and w for the belt width, we can see that the transport 
of charge is expressed in the relationship i = ovw, which leads to 


4. (a) The magnitude of the current density vector is 

i i 4(1.2 xicr 10 a) 

J = - = —^— = ^ [ = 24xl0" 5 A/m 2 . 

A nd 2 /4 ^( 2 .5xl0- 3 m) 

(b) The drift speed of the current-carrying electrons is 

J 24xKr 5 A/m 2 15 
v d = — = ^ — — r = 1.8 x 10 ml s. 


ne (8.47xl0 28 /m 3 )(l.60xl(T 19 C) 


2 

5. The cross-sectional area of wire is given by A = nr , where r is its radius (half its 
thickness). The magnitude of the current density vector is J = i I A = i I nr 2 , so 


i 0-50 A in _ 4 

r = J — = — — = 1.9x10 m. 

Vtt7 ^tt(440x10 4 A/m 2 ) 

The diameter of the wire is therefore d=2r = 2(1.9 x 1CT 4 m) = 3.8 x IO -4 m. 


6. We express the magnitude of the current density vector in SI units by converting the 
diameter values in mils to inches (by dividing by 1000) and then converting to meters (by 
multiplying by 0.0254) and finally using 

_ i i Ai 
~ A ~ kR 2 ~ kD 2 ' 

For example, the gauge 14 wire with D = 64 mil = 0.0016 m is found to have a 
(maximum safe) current density of J = 7.2 x IO 6 A/m 2 . In fact, this is the wire with the 
largest value of J allowed by the given data. The values of J in SI units are plotted below 
as a function of their diameters in mils. 



40 60 80 100 120 140 160 180 200 


7. (a) The magnitude of the current density is given by / = nqvd, where n is the number of 
particles per unit volume, q is the charge on each particle, and Vd is the drift speed of the 
particles. The particle concentration is n = 2.0 x 10 8 /cm 3 = 2.0 x IO 14 m , the charge is 

q = 2e = 2(1.60 x IO" 19 C) = 3.20 x 10~ 19 C, 

and the drift speed is 1.0 x 10 5 m/s. Thus, 

7 = (2xl0 14 /m)(3.2xl0~ 19 C)(l.0xl0 5 ml s) = 6.4 A / m 2 . 

(b) Since the particles are positively charged the current density is in the same direction 
as their motion, to the north. 

(c) The current cannot be calculated unless the cross-sectional area of the beam is known. 
Then i = JA can be used. 


8. (a) Circular area depends, of course, on r , so the horizontal axis of the graph in Fig. 
26-24(b) is effectively the same as the area (enclosed at variable radius values), except 
for a factor of n. The fact that the current increases linearly in the graph means that i/A = 
J = constant. Thus, the answer is "yes, the current density is uniform." 


(b) We find i/(nr 2 ) = (0.005 A)/(n x 4 x 10" 6 m 2 ) = 398 ~ 4.0 x IO 2 A/m 2 . 


9. We use Vd = Jlne = UAne. Thus, 

L L LAne (0.85m) (0.21xl0 14 m 2 ) (8.47 x IO 28 /m 3 ) (l.60xl0 ~ 19 C) 
v d UAne i 300 A 

= 8.1xl0 2 s = 13min. 


10. (a) Since 1 cm = 10 m , the magnitude of the current density vector is 


J = nev = 


8.70 


IO" 6 m' 


(1.60 x IO 19 C) (470 x 10 3 ml s) = 6.54 x IO 7 A / m 2 


(b) Although the total surface area of Earth is 4nR 2 E (that of a sphere), the area to be used 
in a computation of how many protons in an approximately unidirectional beam (the solar 
wind) will be captured by Earth is its projected area. In other words, for the beam, the 
encounter is with a "target" of circular area kR e . The rate of charge transport implied by 
the influx of protons is 


i = AJ = kR 2 e J = tt(6.37 x IO 6 m) 2 (6.54 x IO" 7 A / m 2 ) = 8.34 x IO 7 A. 


11. We note that the radial width Ar = 10 |um is small enough (compared to r = 1.20 mm) 
that we can make the approximation 

| Brlnrdr « Brlnrhúr 

Thus, the enclosed current is 2nBr Ar = 18.1 |uA. Performing the integral gives the same 
answer. 


12. Assuming J is directed along the wire (with no radial flow) we integrate, starting 
with Eq. 26-4, 

i = j\J\dA = ^ r/w (kr 2 )2nrdr =^kn(R 4 -0.6567? 4 ) 

Q 

where k = 3.0 x 10 and SI units understood. Therefore, if R = 0.00200 m, we 
obtaim' = 2.59xl0~ 3 A. 


13. (a) The current resulting from this non-uniform current density is 

i=[ JdA = ^{ R r-27rrdr = -7rR 2 J () =-7r(3A0xl0- 3 m) 2 (5.50xl0 4 A/m 2 ) 

Jcylinder " R JO 3 3 

= 1.33 A 

(b) In this case, 

/= f J dA= í S 7jl--l2^rJr = -^ 2 7 () =-^(3.40xl0" 3 m) 2 (5.50xl0 4 A/m 2 ) 

Jcylinder h Jo 0 ^ R ) 3 ° 3 

= 0.666 A. 

(c) The result is different from that in part (a) because Jb is higher near the center of the 
cylinder (where the area is smaller for the same radial interval) and lower outward, 
resulting in a lower average current density over the cross section and consequently a 
lower current than that in part (a). So, J a has its maximum value near the surface of the 
wire. 


14. We use R/L = p/A = 0. 150 Q/km. 

(a) For copper J = i/A = (60.0 A)(0.150 Q/km)/(1.69 x IO" 8 Q-m) = 5.32 x 10 5 A/m 2 . 

(b) We denote the mass densities as p m . For copper, 

(m/L) c = ( Pm A)c = (8960 kg/m 3 ) (1.69 x IO" 8 Q- m)/(0.150 Q/km) = 1.01 kg/m. 

(c) For aluminum 7 = (60.0 A)(0.150 Q/km)/(2.75 x IO" 8 Q-m) = 3.27 x 10 5 A/m 2 . 

(d) The mass density of aluminum is 

(m/L) a = { Pm A)a = (2700 kg/m 3 )(2.75 x 10" 8 Q-m)/(0.150 Q/km) = 0.495 kg/m. 


15. We find the conductivity of Nichrome (the reciprocai of its resistivity) as follows: 

1 L L Li (1.0 m) (4.0 A) , 

a = - = = - — = — = - V - A - L — = 2.0xl0 6 /Q-m. 

p RA (V/i)A VA 2.0 V) l.OxlO" 6 m 2 


16. (a) i = V/R = 23.0 V/15.0 x IO" 3 Q = 1.53 x IO 3 A. 

(b) The cross-sectional area is A = nr 2 = \tíD 2 . Thus, the magnitude of the current 
density vector is 

i 4i 4(1.53 xl0~ 3 A) 
A kD 7r(6.00xlO" 3 m) 

(c) The resistivity is 

RA (15.0x10 3 Q);r(6.00x 10 3 m) 2 in , 

p = = = 10.6x10 Í2m. 

L 4(4.00 m) 


(d) The material is platinum. 


17. The resistance of the wire is given by R= pLI A, where p is the resistivity of the 
material, L is the length of the wire, and A is its cross-sectional area. In this case, 

A = nr 2 = tt(0.50 x 1(T 3 m) 2 = 7.85 x 1(T 7 m 2 . 

Thus, 

&4 (50xlCT 3 Q) (7.85xlCT 7 m 2 ) 

p = — = ' '-\ ^ = 2.0xlO- 8 Q-m. 

L 2.0m 


18. The thickness (diameter) of the wire is denoted by D. We use R oc LIA (Eq. 26-16) 
and note that A = \ nD 2 <x D 2 . The resistance of the second wire is given by 


R 2 =R 



( L } 



2 

^2 

= R(2) 2 




= R 




V A 2 ) 





v A ) 

v2 y 


19. The resistance of the coil is given by R = pL/A, where L is the length of the wire, p is 
the resistivity of copper, and A is the cross-sectional area of the wire. Since each turn of 
wire has length 2nr, where r is the radius of the coil, then 


L = (250)27tr = (250)(2n)(0.12 m) = 188.5 m. 
If r w is the radius of the wire itself, then its cross-sectional area is 

A = nr 2 w = tt(0.65 x 1CT 3 m) 2 = 1.33 x IO" 6 m 2 . 


According to Table 26-1, the resistivity of copper is p = 1.69x10 8 Q -m . Thus, 


^_ pL _ (l.69xlQ-*Q.m)(l88.5 m) ^^ 
A 1.33 x IO" 6 m 2 


20. Since the potential difference V and current i are related by V = iR, where R is the 
resistance of the electrician, the fatal voltage is V = (50 x 10 3 A)(2000 Q) = 100 V. 


21. Since the mass density of the material do not change, the volume remains the same. If 
Lo is the original length, L is the new length, A 0 is the original cross-sectional area, and A 
is the new cross-sectional area, then LqAq = LA and A = LqAçJL = LqAqI2>Lq = Aq/3. The 
new resistance is 

R = PL = P^L = 9 Ph =9R ^ 


where R 0 is the original resistance. Thus, R = 9(6.0 Q) = 54 Q. 


22. (a) Since the material is the same, the resistivity p is the same, which implies (by Eq. 
26-11) that the electric fields (in the various rods) are directly proportional to their 
current-densities. Thus, J\. J2'. J3 are in the ratio 2.5/4/1.5 (see Fig. 26-25). Now the 
currents in the rods must be the same (they are "in series") so 

J\A\ = 7 3 A 3 , J 2 A 2 = / 3 A 3 . 

Since A = nr 2 this leads (in view of the aforementioned ratios) to 

4r 2 2 =1.5r 3 2 , 2.5n 2 = 1.5r 3 2 . 

Thus, with r 3 = 2 mm, the latter relation leads to r\ = 1.55 mm. 

2 2 

(b) The 4r 2 = 1.5r 3 relation leads to r 2 = 1.22 mm. 


23. The resistance of conductor A is given by 


R ,- pL 


V A 2 


where r A is the radius of the conductor. If r 0 is the outside diameter of conductor B and r, 

irea 

pL 


2 2 

is its inside diameter, then its cross-sectional area is n(r„ - r t ), and its resistance is 


R B = 


The ratio is 


* A = = (1-Ornm) -(0.50mm) =3Q 

R B r\ (0.50mm) 2 
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24. The cross-sectional area isA = nr = 7t(0.002 m) . The resistivity from Table 26-1 is 
p= 1.69 x 10 8 Qm. Thus, with L = 3 m, Ohm's Law leads to V = iR = ipL/A, or 

12 x 1(T 6 V = z'(1.69x 10~ 8 Q-m)(3.0m)/7r(0.002m) 2 

which yields i = 0.00297 A or roughly 3.0 mA. 


25. The resistance at operating temperature Tis R = V/i = 2.9 V/0. 30 A = 9.67 Q. Thus, 
from R-Rq = Roa (T - To), we find 


T = T 0 +- 


1 


a 



f 

í--l] 

= 20°C + 


V 


1 


4.5x10" 3 /K 


9.67 Q 
LÍQ 


a.8xio 3 °c. 


Since a change in Celsius is equivalent to a change on the Kelvin temperature scale, the 
value of a used in this calculation is not inconsistent with the other units involved. Table 
26-1 has been used. 


26. Let r = 2.00 mmbe the radius of the kite string and t = 0.50 mmbe the thickness of 
the water layer. The cross-sectional area of the layer of water is 

A = 7r[(r + t) 2 -r 2 ] = 7r[(2.50xl0- 3 m) 2 -(2.00 x IO" 3 m) 2 ] = 7.07 x IO" 6 m 2 . 

Using Eq. 26-16, the resistance of the wet string is 

pL (l50fi-m)(800 m) In 

R = ±— = ± >-\ — - — - = 1.698x10 Q. 

A 7.07 x IO" 6 m 2 

The current through the water layer is 

. V 1.60xl0 8 V n ^ 

i = — = — = 9.42x10 3 A. 

R 1.698xl0 10 fi 


27. First we find the resistance of the copper wire to be 

oL ( 1 .69 x 10 8 Q • m) (0.020 m) 

R = !— = ± fl— ^ = 2.69xlO~ 5 Q. 

A 7r(2.0 x IO" 3 m) 2 

With potential difference V = 3.00 nV , the current flowing through the wire is 

. V 3.00xlO~ 9 V . ... 1a _ 4a 

i = — = ; — = 1.115x10 A. 

R 2.69x10 5 Q 

Therefore, in 3.00 ms, the amount of charge drifting through a cross section is 
Ag = ;Aí = (1.115xlO- 4 A)(3.00xlO- 3 s) = 3.35xl0~ 7 C . 


28. The absolute values of the slopes (for the straight-line segments shown in the graph of 
Fig. 26-27(b)) are equal to the respective electric field magnitudes. Thus, applying Eq. 
26-5 and Eq. 26-13 to the three sections of the resistive strip, we have 

J x = j = ai Ei = CTi (0.50 x 10 3 V/m) 
J 2 = j = o 2 E 2 = a 2 (4.0 x 10 3 V/m) 

J 3 = j = o 3 E 3 = a 3 (1.0 x 10 3 V/m) . 

We note that the current densities are the same since the values of i and A are the same 
(see the problem statement) in the three sections, so J\ = J 2 = • 

(a) Thus we see that cti = 2a 3 = 2 (3.00 x lO^Q-m) -1 ) = 6.00 x IO 7 (Q-m) -1 . 

(b) Similarly, a 2 = a 3 /4 = (3.00 x lO^Q-m)" 1 )/4 = 7.50 x IO 6 (Q-m)" 1 . 


29. We use J = E/p, where E is the magnitude of the (uniform) electric field in the wire, J 
is the magnitude of the current density, and p is the resistivity of the material. The 
electric field is given by E = VIL, where V is the potential difference along the wire and L 
is the length of the wire. Thus J = VILp and 


30. We use J = <jE = (n+ + n-)evd, which combines Eq. 26-13 and Eq. 26-7. 

(a) The magnitude of the current density is 

J=aE= (2.70 x IO 14 / fi-m) (120 V/m) = 3.24 x IO 12 A/m 2 . 

(b) The drift velocity is 

aE (2.70x10 - H /Q-m) (120 V/m) 

v = = — = 1 73 cm/s 

d (n + +n_)e [(620 + 550)/cm 3 ](l.60x IO" 19 C) 


31. (a) The current in the block is i = VIR = 35.8 V/935 Q = 3.83 x 1(T 2 A. 

(b) The magnitude of current density is 

J = i/A = (3.83 x IO" 2 A)/(3.50 x IO" 4 m 2 ) = 109 A/m 2 . 

(c) v d = Jlne = (109 A/m 2 )/[(5.33 x 10 22 /m 3 ) (1.60 x IO" 19 Q] = 1.28 x IO" 2 m/s. 

(d) E=V/L = 35.8 V/0. 158 m = 227 V/m. 


32. We use R <x LIA. The diameter of a 22-gauge wire is 1/4 that of a 10-gauge wire. 
Thus from R = pLIA we find the resistance of 25 ft of 22-gauge copper wire to be 


R = (1.00 Q) (25 ft/1000 ft)(4) 2 = 0.40 Q. 


33. (a) The current in each strand is i = 0.750 A/125 = 6.00 x 10 3 A. 

(b) The potential difference is V = iR = (6.00 x 10 3 A) (2.65 x IO 6 fi) = 1.59 x 10~ 8 V. 

(c) The resistance is R tota{ = 2.65 x 10~ 6 Q/125 = 2.12 x IO -8 fi. 


34. We follow the procedure used in Sample Problem 26-5. 


Since the current spreads uniformly over the hemisphere, the current density at any given 
radius r from the striking point is J = 1 1 2nr 2 . From Eq. 26-10, the magnitude of the 
electric field at a radial distance r is 


E = p J = 



where p w = 30 Q • m is the resistivity of water. The potential difference between a point at 
radial distance D and a point at D + Ar is 



D 2nr 


D+Ar n I 



2^-1 D + Ar D 


) 


PJ Ar 

2n D(D + Ar) ' 


which implies that the current across the swimmer is 


I AV I 


PJ Ar 
2nR D(D + Ar) 


i = 


R 


Substituting the values given, we obtain 


(30.0Q-m)(7.80xl0 4 A) 


0.70 m 


= 5.22xlO~ 2 A. 


i 


2.: 1 4.00 ■ 10 íl i 


(35.0 m)(35.0m + 0.70 m) 


35. (a) The current i is shown in Fig. 26-30 entering the truncated cone at the left end and 
leaving at the right. This is our choice of positive x direction. We make the assumption 
that the current density J at each value of x may be found by taking the ratio i/A where A 
= nr 2 is the cone's cross-section area at that particular value of x. The direction of J is 
identical to that shown in the figure for i (our +x direction). Using Eq. 26-11, we then 
find an expression for the electric field at each value of x, and next find the potential 
difference V by integrating the field along the x axis, in accordance with the ideas of 
Chapter 25. Finally, the resistance of the cone is given by R = V/i. Thus, 



where we must deduce how r depends on x in order to proceed. We note that the radius 
increases linearly with x, so (with c\ and C2 to be determined later) we may write 


r = Cj + c 2 x. 


Choosing the origin at the left end of the truncated cone, the coefficient c\ is chosen so 
that r = a (when x = 0); therefore, c\ = a. Also, the coefficient a must be chosen so that 
(at the right end of the truncated cone) we have r = b (when x = L); therefore, 
c 2 =(b-a)/ L. Our expression, then, becomes 


r = a + 


b-a 


V 


L ) 


x. 


Substituting this into our previous statement and solving for the field, we find 


E = 


ip 

Tl 


b-a 

a H x 

v L j 


Consequently, the potential difference between the faces of the cone is 


= -\ L Edx = - l -£-\ L \a + 
Jo n Jo [ 


b-a 


,-2 


-X 


dx = 


ip L 


n b-a 


b-a 


a + - 
v L 


ip L 


n b-a 


]__]_ 
{a b 


ip L b-a _ ipL 
k b-a ab nab 


The resistance is therefore 

R = V =£ L = (73m.m)(1.94xl0-'m) Q 
i nab ;r(2.00xl(T 3 m)(2.30xl(T 3 m) 
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Note that if b = a, then R = pL/na = pL/A, where A = na is the cross-sectional area of 
the cylinder. 


36. The number density of conduction electrons in copper is n = 8.49 x 10 /m . The 
electric field in section 2 is (10.0 uV)/(2.00 m) = 5.00 uV/m. Since p = 1.69 x 10 8 Q-m 
for copper (see Table 26-1) then Eq. 26-10 leads to a current density vector of magnitude 
J 2 = (5.00 uV/m)/(1.69 x 10~ 8 Q-m) = 296 A/m 2 in section 2. Conservation of electric 
current from section 1 into section 2 implies 

J l A i =J 2 A 2 => J 1 (4xR 2 ) = J 2 (xR 2 ) 

(see Eq. 26-5). This leads to J\ = 74 A/m 2 . Now, for the drift speed of conduction- 
electrons in section 1, Eq. 26-7 immediately yields 


v A = ^ = 5.44xl0~ 9 m/s 


37. From Eq. 26-25, p cc r 1 cc v e ff. The connection with v e ff is indicated in part (b) of 
Sample Problem 26-6, which contains useful insight regarding the problem we are 

working now. According to Chapter 20, v eff cc *Jt . Thus, we may conclude that p <x 


38. Since P = iV, the charge is 

q = it = Pt/V= (7.0 W) (5.0 h) (3600 s/h)/9.0 V = 1.4 x IO 4 C. 


39. (a) Electrical energy is converted to heat at a rate given by P = V 1 1 R, where V is the 
potential difference across the heater and R is the resistance of the heater. Thus, 

p= (120V) =1QxlQ 3 w=10kw 
14 Q 

(b) Thecostis given by (1.0kW)(5.0h)(5.0cents/kW-h) = US$0.25. 


40. (a) Referring to Fig. 26-32, the electric field would point down (towards the bottom 
of the page) in the strip, which means the current density vector would point down, too 
(by Eq. 26-11). This implies (since electrons are negatively charged) that the conduction- 
electrons would be "drifting" upward in the strip. 

(b) Eq. 24-6 immediately gives 12 eV, or (using e = 1.60 x 10~ 19 C) 1.9 x 10 18 J for the 
work done by the field (which equals, in magnitude, the potential energy change of the 
electron). 

(c) Since the electrons don't (on average) gain kinetic energy as a result of this work done, 
it is generally dissipated as heat. The answer is as in part (b): 12 eV or 1.9 x 10 J. 
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41. The relation P = V IR implies P <x V . Consequently, the power dissipated in the 
second case is 


P = 


r l.50 V V 


3.00 V 


(0.540 W) = 0.135 W. 


J 


42. The resistance is R = P/i 2 = (100 W)/(3.00 A) 2 = 11.1 Q. 


43. (a) The power dissipated, the current in the heater, and the potential difference across 
the heater are related by P = iV. Therefore, 

;= P = 1250W = 109A 
V 115 V 

(b) Ohm's law states V = iR, where R is the resistance of the heater. Thus, 

Jl = V = il5V =la6a 
i 10.9 A 

(c) The thermal energy E generated by the heater in time t = 1.0 h = 3600 s is 

E = Pt = (1250 W)(3600s) = 4.50x IO 6 J. 


44. The slope of the graph is P = 5.0 x 10 4 W. Using this in the P = V 2 /R relation leads 
to V=0.10Vs. 


45. Eq. 26-26 gives the rate of thermal energy production: 

P = iV = (10.0A)(120V) = 1.20kW. 

Dividing this into the 180 kJ necessary to cook the three hot-dogs leads to the result 
í = 150s. 


46. The mass of the water over the length is 

m = pAL = (1000 kg/m 3 )(15x 10 5 m 2 )(0.12 m) = 0.018 kg , 
and the energy required to vaporize the water is 

Q = Lm = (2256 kJ / kg)(0.01 8 kg) = 4.06 x IO 4 J . 
The thermal energy is supplied by Joule heating of the resistor: 

Q = PAt = I 2 RAt. 
Since the resistance over the length of water is 


o L (I50fi-m)(0.120m) 1 „ , 

A \5x\Q- 5 m 2 

the average current required to vaporize water is 


/- U-= 4.06xl0 4 J _ i3QA 

\RAt V(l.2xl0 5 Q)(2.0xlO" 3 s) 


47. (a) From P = V 2 /R we find R = V 2 /P = (120 V) 2 /500 W = 28.8 Q. 


(b) Since i = P/V, the rate of electron transport is 

= 2.60xl(T/s. 


500 W , „ 


e eV (1.60x10 19 C)(120 V) 


48. The slopes of the lines yield P\ = 8 mW and P2 = 4 mW. Their sum (by energy 
conservation) must be equal to that supplied by the battery: Pbatt = ( 8 + 4 ) mW = 12 mW. 


49. (a) From P = V 2 /R=AV 2 I pL, we solve for the length: 


L = 


AV 2 _ (2.60xlCT 6 m 2 )(75.0 V) 2 
pP ~ (5.00 x 1CT 7 Q • m)(500 W) 


= 5.85 m. 


(b) SinceLoc y 2 the new length should be 


L' = L 


= (5.85 m) 


100 V 
75.0 Vj 


= 10.4 m. 


50. Assuming the current is along the wire (not radial) we find the current from Eq. 26-4: 


i = j\ J I dA =\\r 2 2nrdr = ^ knR 4 = 3.50 A 

where k = 2.75 x 10 10 A/m 4 and R = 0.00300 m. The rate of thermal energy generation is 
found from Eq. 26-26: P = iV = 210 W. Assuming a steady rate, the thermal energy 
generated in 40 s is Q = PAt = (210 J/s)(3600 s) = 7.56 x 10 5 J. 


51. (a) Assuming a 31-day month, the monthly cost is 

(100 W)(24 h/day)(31day/month) (6 cents/kW • h) = 446 cents = US$4.46 . 

(b) R = V 2 IP = (120 V) 2 /100 W = 144 Q. 

(c) i = P/V= 100 W/120 V = 0.833 A. 


52. (a) Using Table 26-1 and Eq. 26-10 (or Eq. 26-11), we have 


|£| =/7 |7| = (l.69xlO" 8 Q-m) 


2.00A 


2.00xl(T 6 m 2 


= 1.69xl(T 2 V/m. 


(b) Using L = 4.0 m, the resistance is found from Eq. 26-16: R = pLIA = 0.0338 Q. The 
rate of thermal energy generation is found from Eq. 26-27: 

P = i 2 R = (2.00 A) 2 (0.0338 Q)=0.135 W. 


Assuming a steady rate, the thermal energy generated in 30 minutes is (0.135 J/s)(30 x 
60s) = 2.43 x IO 2 J. 


53. (a) We use Eq. 26-16 to compute the resistances: 

R =p r i = (2.0 x IO" 6 Q • m) = 2.55 Q. 

c nrl ^-(0.00050 m) 2 

The voltage follows from Ohm's law: IV, -V 2 1 =V C =iR c =(2.0 A)(2.55 Q) = 5.1V. 

(b) Similarly, 


R = p o i = (1.0xl0" 6 Q-m) 1 ^ - = 5.09 Q 

D nr 2 D ^(0.00025 m) 2 


and \V 2 -V 3 1 =V D =iR D = (2.0 A)(5.09 Q) = 10.2V«10V . 

(c) The power is calculated from Eq. 26-27: P c = i 2 R c =10W 

(d) Similarly, P D =i 2 R D =20W . 


54. From P = V 2 /R,we have R = (5.0 V) 2 /(200 W) = 0.125 Q. To meet the conditions 
of the problem statement, we must therefore set 

f L 5.00x dx= 0.125 Q 
Jo 

Thus, 

|l 2 = 0.125 => L = 0.224 m. 


55. (a) The charge that strikes the surface in time Aí is given by Aq = i At, where i is the 
current. Since each particle carries charge 2e, the number of particles that strike the 
surface is 

v _A^_^_ (0-25xlO- 6 A)(3.0s) _ 23;iol2 
2e 2e 2(1.6 x 10 19 C) 

(b) Now let N be the number of particles in a length L of the beam. They will ali pass 
through the beam cross section at one end in time t = L/v, where v is the particle speed. 
The current is the charge that moves through the cross section per unit time. That is, 

i = 2eN/t = 2eNv/L. 

Thus N = iL/2ev. To find the particle speed, we note the kinetic energy of a particle is 
K = 20MeV = (20 x 10 6 eV) (l.60 x 10 19 J / eV) = 3.2 x 10 12 J . 


Since K = \mv 2 ,then the speed is v = ^j2K/m . The mass of an alpha particle is (very 
nearly) 4 times the mass of a proton, or m = 4(1.67 x 10 27 kg) = 6.68 x 10~ 27 kg, so 


v = 


2(3.2x10 12 J) 

; =3.1xl0 7 m/s 


6.68 x IO" 27 kg 


and 


iL (0.25 x 10 ) (20 x 10 m) 

N = — = V ^TT T~ -T = 5.0xl0 3 . 

2ev 2(1.60 x IO" 19 C)(3.1xl0 7 m/s) 

(c) We use conservation of energy, where the initial kinetic energy is zero and the final 
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kinetic energy is 20 MeV = 3.2 x 10 J. We note, too, that the initial potential energy is 
Ui = qV = 2eV, and the final potential energy is zero. Here V is the electric potential 
through which the particles are accelerated. Consequently, 

K f =U i =2eV => V = ^= 3 - 2xl(r ' 2j -i.0xl0 7 V. 
f 2e 2(l.60xl0" 19 C) 


56. (a) Current is the transport of charge; here it is being transported "in bulk" due to the 
volume rate of flow of the powder. From Chapter 14, we recall that the volume rate of 
flow is the product of the cross-sectional area (of the stream) and the (average) stream 
velocity. Thus, i = pAv where p is the charge per unit volume. If the cross-section is that 
of a circle, then i = pnR v. 

(b) Recalling that a Coulomb per second is an Ampere, we obtain 

i = (1.1 x 10 3 C / m 3 ) n (0.050 m) 2 (2.0m/ s) = 1.7 x 10 5 A. 

(c) The motion of charge is not in the same direction as the potential difference computed 
in problem 68 of Chapter 24. It might be useful to think of (by analogy) Eq. 7-48; there, 
the scalar (dot) product in P = F v makes it clear that P = 0 if F_Lv . This suggests that 
a radial potential difference and an axial flow of charge will not together produce the 
needed transfer of energy (into the form of a spark). 

(d) With the assumption that there is (at least) a voltage equal to that computed in 
problem 68 of Chapter 24, in the proper direction to enable the transference of energy 
(into a spark), then we use our result from that problem in Eq. 26-26: 

P = iV = (1.7 x 10" 5 A) (7.8 x IO 4 V) = 1.3 W. 

(e) Recalling that a Joule per second is a Watt, we obtain (1.3 W)(0.20 s) = 0.27 J for the 
energy that can be transferred at the exit of the pipe. 

(f) This result is greater than the 0.15 J needed for a spark, so we conclude that the spark 
was likely to have occurred at the exit of the pipe, going into the silo. 


57. (a) We use P = V 2 IR <x V 2 , which gives AP qc AV 2 « 2V AV. The percentage change 
is roughly 

AP/P = 2AV/V = 2(1 10 - 1 15)/1 15 = -8.6%. 

(b) A drop in V causes a drop in P, which in turn lowers the temperature of the resistor in 
the coil. At a lower temperature R is also decreased. Since P <x R~ a decrease in R will 
result in an increase in P, which partially offsets the decrease in P due to the drop in V. 
Thus, the actual drop in P will be smaller when the temperature dependency of the 
resistance is taken into consideration. 


58. (a) The current is 

._V__ V _ nVd 2 _ 7i(1.20 V)[(0.0400in.)(2.54xlQ- 2 m/in.)] 2 
l ~~R~ pLIA ~ 4pL ~ 4(1.69x10 8 Q-m)(33.0m) ~ ' 

(b) The magnitude of the current density vector is 

\J\ = -L = ^ = 4(L74A) 2 , = 2.15x10* A/m 2 . 

A nd 1 ^"[(0.0400 in.)(2.54x 10 m/in.)] 

(c) E=V/L= 1.20 V/33.0 m = 3.63 x IO" 2 V/m. 

(d) P = Vi = (1.20 V)(1.74 A) = 2.09 W. 


59. Let R H be the resistance at the higher temperature (800°C) and let R L be the resistance 
at the lower temperature (200°C). Since the potential difference is the same for the two 
temperatures, the power dissipated at the lower temperature is Pl = V IRl, and the power 
dissipated at the higher temperature is P H =V 2 1 R H , so P L = (R H I R L )P H . Now 

R L =R H +aR H AT , 

where AT is the temperature difference T L -T H = -600 C° = -600 K. Thus, 


60. We denote the copper rod with subscript c and the aluminum rod with subscript a. 

(a) The resistance of the aluminum rod is 

L (2.75 x l(T 8 Q-m) (1.3 m) 

R = p a -= K - >\ ^ = 1.3xl0- 3 Q. 

A (5.2 x IO" 3 m) 

(b) Let R = p c L/(nd IA) and solve for the diameter d of the copper rod: 


W^L 4(l.69 x 10 Q-m 1.3 m) 

d = .p£çk= J J\ ^ = 4.6xl0- 3 m. 

\ nR V tt(1.3x10" 3 Q) 


61. (a) Since 


RA R(xd 2 /4) (1.09xl(T 3 Q);r(5.50xlCr 3 m) 2 /4 . 1A 8 „ 

p = = = = 1.62x10 L2m. 

L L 1.60 m 


the material is silver. 

(b) The resistance of the round disk is 

R = p4= *4 = 4(162 * 10 " n - m)(1 ;°°* 10 " m) =5.16 x io-n. 


A nd £ 7t(2.00xl(Hm)' 


62. (a) Since P = i 2 R = 7 2 A 2 R, the current density is 


J = 


I P I P 


l.OW 


A\R A\pLIA \plA AU(3.5xlO- 5 Q-m)(2.0xl(T 2 m)(5.0xl(r 3 m) 
= 1.3 x IO 5 A/m 2 . 


(b) From P = iV = JAVwe get 


P P 


l.OW 


AJ ur J ^(5.0 x 10 3 m) (1.3 x IO 5 A / m 2 ) 


= 9.4 x IO" 2 V. 


63. We use P = i 2 R = i 2 pL/A, or LIA = P/i 2 p. 


(a) The new values of L and A satisfy 


í t \ 


í p \ 


V^Unew V 1 ' P j 


30 


• 2 


Consequently, (L/A) new = 1.875(L/A) 0 id, and 


L_=VT875L old =1.37L, 


(b) Similarly, we note that (LA) new = (LA) D i d , and 


A, ew =Vl/1.875A old =0.730A old 


64. The horsepower required is 


iV (10A)(12 V) 
Õ8Õ~(0.80)(746 W/hp) 


65. We find the current from Eq. 26-26: i = P/V = 2.00 A. Then, from Eq. 26-1 (with 
constant current), we obtain 

Aq = iAt = 2.88 x IO 4 C . 


66. We find the drift speed from Eq. 26-7: 


171 2.0xl0 6 A/m 2 ^ 

v j = = = — 5 í5 — = 1.47x10 m/s . 

d (8.49xl0 2í 7m 3 )(1.6xl0 19 C) 


At this (average) rate, the time required to travei L = 5.0 m is 

L 5.0 m . , . - 4 

í = — = 3 = 3.4xl0 4 s. 

v d 1. 47 x IO" 4 m/s 


67. We find the rate of energy consumption from Eq. 26-28: 

V 2 (90 V) 2 
P = — = K } =20.3 W 
R 400 Q 


Assuming a steady rate, the energy consumed is (20.3 J/s)(2.00 x 3600 s) = 1.46 x 10 5 J. 


68. We use Eq. 26-28: 

P 3000 W 


69. The rate at which heat is being supplied is P = iV = (5.2 A)(12 V) = 62.4 W. 
Considered on a one-second time-frame, this means 62.4 J of heat are absorbed the liquid 
each second. Using Eq. 18-16, we find the heat of transformation to be 

L= Q = 62.4 J =30xlQ 6 J/k 
m 21 x IO" 6 kg 


70. (a) The current is 4.2 x 10 e divided by 1 second. Using e = 1.60 x 10 C we 
obtain 0.67 A for the current. 

(b) Since the electric field points away from the positive terminal (high potential) and 
towards the negative terminal (low potential), then the current density vector (by Eq. 26- 
1 1) must also point towards the negative terminal. 


71. Combining Eq. 26-28 with Eq. 26-16 demonstrates that the power is inversely 
proportional to the length (when the voltage is held constant, as in this case). Thus, a 
new length equal to 7/8 of its original value leads to 


P = y (2.0 kW) = 2.4 kW . 


72. We use Eq. 26-17: p- po = pa(T- T 0 ), and solve for T: 


T = T Q +- 


a 


= 20°C + - 


1 


4.3xlO" 3 /K 


58Q 
50Q 


We are assuming that p/po = R/R 0 . 


73. The power dissipated is given by the product of the current and the potential 
difference: 

P = iV = (7.0 x 1CT 3 A)(80 x 10 3 V) = 560 W. 


74. (a) The potential difference between the two ends of the Caterpillar is 

t (12 A)(l.69xlO~ 8 Q-m)Í4.0xlCr 2 m) 

V = iR = ip- = - ^ ^ '- = 3.8 x 10 V. 

A 7i(5.2xl(T 3 m/2) 

(b) Since it moves in the direction of the electron drift which is against the direction of 
the current, its tail is negative compared to its head. 

(c) The time of travei relates to the drift speed: 

_ L _ lAne _ nLd 2 ne _ ^"(l-OxlO 2 m)(5.2xlCr 3 m) 2 (8.47xl0 28 / m 3 )(l.60xlCr 19 c) 
~ v d ~ i Ai ~ ' " 4(12 A) 

= 238s = 3min58s. 


75. (a) In Eq. 26-17, we let p = 2po where po is the resistivity at T 0 = 20°C: 

P ~ Po = 2 Po ~ Po = A)« { T ~ T o ). 


and solve for the temperature T: 

T = T +- = 20°C + —. ~250°C. 

0 a 4.3xlO" 3 /K 

(b) Since a change in Celsius is equivalent to a change on the Kelvin temperature scale, 
the value of a used in this calculation is not inconsistent with the other units involved. It 
is worth noting that this agrees well with Fig. 26-10. 


76. Since 100 cm = 1 m, then IO 4 cm 2 = 1 m 2 . Thus, 


oL Í3.00xl0" 7 Q-m)(l0.0xl0 3 m) 

R = ^ = ± '-\ — '- = 0.536 Q. 

A 56.0 x IO 4 m 2 


1. (a) The energy transferred is 


s 2 t (2.0 V) 2 (2.0 min) (60 s/ min) 


U = Pt = 

r + R 1.0Q + 5.0Q 

(b) The amount of thermal energy generated is 

2.0 V 


= 80 J. 


U' = i z Rt = 


( £ 1 

2 / 


Rt = 

[r + Rj 

V 


1.0Q + 5.0Q 


(5.0Q) (2.0 min) (60 s / min) = 67 J. 


J 


(c) The difference between U and U', which is equal to 13 J, is the thermal energy that is 
generated in the battery due to its internai resistance. 


2. If P is the rate at which the battery delivers energy and Aí is the time, then AE = P Aí is 
the energy delivered in time Aí. If q is the charge that passes through the battery in time 
Aí and s is the emf of the battery, then AE = qs. Equating the two expressions for AE and 
solving for Aí, we obtain 


At=j£= (120A.h)(12.0V) =144h 
P 100W 


3. The chemical energy of the battery is reduced by AE = qs, where q is the charge that 
passes through in time Aí = 6.0 min, and a is the emf of the battery. If i is the current, 
then q = i At and 

AE = is At = (5.0 A)(6.0 V) (6.0 min) (60 s/min) = 1.1 x IO 4 J. 
We note the conversion of time from minutes to seconds. 


4. (a) The cost is (100 W • 8.0 h/2.0 W • h) ($0.80) = $3.2 x IO 2 . 

(b) The cost is (100 W • 8.0 h/10 3 W • h) ($0.06) = $0.048 = 4.8 cents. 


5. (a) The potential difference is V = e + ir = 12 V + (50 A)(0.040 Q) = 14 V. 

(b) P = i 2 r = (50 A) 2 (0.040 Q) = l.OxlO 2 W. 

(c) P' = ÍV= (50 A)(12 V) = 6.0xl0 2 W. 

(d) In this case V = s- ir = 12 V - (50 A)(0.040 Q) = 10 V. 

(e) P r = i 2 r =(50 A) 2 (0.040 Q) = l.OxlO 2 W. 


6. The current in the circuit is 

i = (150 V - 50 V)/(3.0 Q + 2.0 Q) = 20 A. 
So from V Q + 150 V - (2.0 fi)i = Vp, we get V Q = 100 V + (2.0 fi)(20 A) -150 V = -10 V. 


7. (a) Let i be the current in the circuit and take it to be positive if it is to the left in R\. 
We use Kirchhoffs loop rule: S\ - iR 2 - iR\ - £ 2 = 0. We solve for i: 

s -s 12V-60V 
i = h il_ = iZ v au v = 050 A 

R x +R 2 4.0Q + 8.0Q 

A positive value is obtained, so the current is counterclockwise around the circuit. 

If i is the current in a resistor R, then the power dissipated by that resistor is given by 
P = i 2 R. 

(b) For Pi = i 2 R l =(0.50 A) 2 (4.0 Q) = 1.0 W, 

(c) and for R 2 , P 2 = i 2 R 2 = (0.50 A) 2 (8.0 Q) = 2.0 W. 

If i is the current in a battery with emf s, then the battery supplies energy at the rate P =is 
provided the current and emf are in the same direction. The battery absorbs energy at the 
rate P = is if the current and emf are in opposite directions. 


(d) For £ U P { =is ] = (0.50 A)(12 V) = 6.0 W 


(e) and for s 2 , P 2 =is 2 = (0.50 A)(6.0 V) = 3.0 W. 


(f) In battery 1 the current is in the same direction as the emf. Therefore, this battery 
supplies energy to the circuit; the battery is discharging. 

(g) The current in battery 2 is opposite the direction of the emf, so this battery absorbs 
energy from the circuit. It is charging. 


8. (a) The loop rule leads to a voltage-drop across resistor 3 equal to 5.0 V (since the total 
drop along the upper branch must be 12 V). The current there is consequently 
i = (5.0 V)/(200 Cl) = 25 mA. Then the resistance of resistor 1 must be (2.0 V)/i = 80 Q. 

(b) Resistor 2 has the same voltage-drop as resistor 3; its resistance is 200 Q. 


9. (a) Since R eq < R, the two resistors (R = 12.0 Q and R x ) must be connected in parallel: 

RR R r (12.0Q) 

R ea = 3.00Q = — = '-. 

q i? + i? c 12.0Q + tf t 

We solve for R x : R x = R sq R/(R - R eq ) = (3.00 Q)(12.0 Q)/(12.0 Q - 3.00 Q) = 4.00 Q. 
(b) As stated above, the resistors must be connected in parallel. 


10. (a) The work done by the battery relates to the potential energy change: 

qAV = eV = e(l2.0V) = 12.0 eV. 

(b) P = iV=neV= (3.40 x 10 18 /s)(1.60 x IO" 19 C)(12.0 V) = 6.53 W. 


11. Since the potential differences across the two paths are the same, V, = V 2 (V, for the 
left path, and V 2 for the right path), we have 


where z = z'j + z' 2 =5000 A . With R = pLI A (see Eq. 26-16), the above equation can be 
rewritten as 

i x d = i 2 h => i 2 = Zj (d / h) . 

With J//z = 0.400, we get z, =357 IA and z' 2 =1429 A . Thus, the current through the 
person is z'j = 3571 A , or approximately 3.6 kA . 


12. (a) We solve i = (s 2 - Si)/(n + r 2 + R) for R: 


R = ~r x -r 2 = 3 -° V 2 ;° V - 3.0Q - 3.0Q = 9.9 x IO 2 Q. 

i 1.0 x IO" 3 A 


(b) P = i 2 R = (1.0 x IO" 3 A) 2 (9.9 x IO 2 Q) = 9.9 x 1(T* W. 


13. (a) If i is the current and AV is the potential difference, then the power absorbed is 
given by P = i AV. Thus, 

P 50 W 
i 1.0 A 

Since the energy of the charge decreases, point A is at a higher potential than point B; 
that is, V A - V B = 50 V. 

(b) The end-to-end potential difference is given by Va-Vb = +iR + £, where £is the emf 
of element C and is taken to be positive if it is to the left in the diagram. Thus, 

e= V A - V B - iR = 50 V - (1.0 A)(2.0 Q) = 48 V. 

(c) A positive value was obtained for e, so it is toward the left. The negative terminal is at 
B. 


14. The part of Ro connected in parallel with R is given by Ri = Rqx/L, where L = 10 cm. 
The voltage difference across R is then Vr = sR'/R eq , where R' = RRi/(R + Ri) and R eq = 
Ro(l-x/L)+R'.Thus 


V 1 

P =-^ = — 

R R R 


sRR l /(R + R t ) 


R^l-x/^ + RRjÍR + R^ 


l00R(sx/R 0 f 


(l00R/R Q +l0x-x 2 ) 


where x is measured in cm. 


15. (a) We denote L = 10 km and a = 13 Q/km. Measured from the east end we have 

/?! = 100 Q = 2a(L -x) + R, 

and measured from the west end R 2 = 200 Q = 2ca: + tf. Thus, 

7?, -tf, L 200Q-100Q lOkm 

x = — L + — = — -, — + = 6.9 km. 

4a 2 4(l3Q/km) 2 

(b) Also, we obtain 

„ tf,+tf 2 T 100Q + 200Q Wirtl 

tf = -í 2 --aL = (!3Q/km)(l0km) = 20Q . 


16. Line 1 has slope R\ = 6.0 kQ. Line 2 has slope R 2 = 4.0 kQ. Line 3 has slope R3 = 
2.0 kQ. The parallel pair equivalence is Ru = ^1^2/(^1+^2) = 2.4 kQ. That in series with 
i?3 gives an equivalence of R m = R l2 + R 3 = 2.4 kQ + 2.0 kQ = 4.4 kQ . The current 

through the battery is therefore i = s I R m =(6 V)/(4.4 kQ) and the voltage drop across R3 

is (6 V)(2 kQ)/(4.4 kQ) = 2.73 V. Subtracting this (because of the loop rule) from the 
battery voltage leaves us with the voltage across R2. Then Ohm's law gives the current 
through R 2 : (6 V - 2.73 V)/(4 kQ) = 0.82 mA . 


17. (a) The parallel set of three identical R2 = 18 Q resistors reduce to R= 6.0 Q, which is 
now in series with the Ri = 6.0 Q resistor at the top right, so that the total resistive load 
across the battery is R ' = R } + R = 12 Q. Thus, the current through R ' is (12V)/R ' = 1.0 A, 
which is the current through 7?. By symmetry, we see one-third of that passes through 
any one of those 18 Q resistors; therefore, i\ = 0.333 A. 

(b) The direction of i x is clearly rightward. 


(c) We use Eq. 26-27: P = i 2 R' = (1.0 A) 2 (12 Q) = 12 W. Thus, in 60 s, the energy 
dissipated is (12 J/s)(60 s) = 720 J. 


18. (a) For each wire, i? w ire = pL/A where A = nr 2 . Consequently, we have 

tf wire = (1.69 x 10 8 Q-m)(0.200 m)/7t(0.00100 m) 2 = 0.0011 Q. 
The total resistive load on the battery is therefore 

R m = 2R wiIS + R = 2(0.001 1 Q) + 6.00 Q = 6.0022 Q. 
Dividing this into the battery emf gives the current 

MV--1.9993A. 
R tot 6.0022Q 

The voltage across the R = 6.00 Q resistor is therefore 

V = iR = (1.9993 A)(6.00 Q) = 11.996 V * 12.0 V. 

(b) Similarly, we find the voltage-drop across each wire to be 

V mK = =(1-9993 A)(0.0011 Q) = 2.15 mV. 

(c) P = i 2 R = (1.9993 A)(6.00 Q) 2 = 23.98 W ~ 24.0 W. 

(d) Similarly, we find the power dissipated in each wire to be 4.30 mW. 


19. Let the emf be V. Then V = iR = i'(R + R'), where i = 5.0 A, z" = 4.0 A and R' = 2.0 Q. 
We solve for R: 

R= » = ( 4.0A)(2.on )=80n 

i-i" 5.0 A -4.0 A 


20. (a) Here we denote the battery emf's as Vi and V 2 • The loop rule gives 


V 2 - ir 2 +Vi- iri - iR = 0 => / = 


r x +r 2 +R 


The terminal voltage of battery 1 is Vir and (see Fig. 27-4(a)) is easily seen to be equal to 
Vi - ir x ; similarly for battery 2. Thus, 


The problem tells us that Vi and V 2 each equal 1.20 V. From the graph in Fig. 27-36(b) 
we see that V 2 t = 0 and Vir = 0.40 V for R = 0.10 Q. This supplies us (in view of the 
above relations for terminal voltages) with simultaneous equations, which, when solved, 
lead to r x = 0.20 Q. 

(b) The simultaneous solution also gives r 2 = 0.30 Q. 


Vr = Vi - 


?i(V 2 +Vi) 
r x +r 2 +R 


V 2T =V 2 - 


l(V 2 +Vi) 
r x +r 2 +R 


21. To be as general as possible, we refer to the individual emfs as s\ and s 2 and wait 
until the latter steps to equate them {s\ = s 2 = s). The batteries are placed in series in such 
a way that their voltages add; that is, they do not "oppose" each other. The total 
resistance in the circuit is therefore i? to tai = R + n + r 2 (where the problem tells us r\ > r 2 ), 
and the "net emf ' in the circuit is S\ + a 2 . Since battery 1 has the higher internai resistance, 
it is the one capable of having a zero terminal voltage, as the computation in part (a) 
shows. 

(a) The current in the circuit is 

S\ + £ 7 

l= 

r x + r 2 + R 

and the requirement of zero terminal voltage leads to s l = ir { , or 

R _ g 2 r, -e xh _ (12.0 V)(0.016Q) -(12.0 V)(0.012Q) _ Q ^ Q 
e x 12.0 V 

Note that R = r\-r 2 when we set s\ = s 2 . 


(b) As mentioned above, this occurs in battery 1. 


22. (a) Let the emf of the solar cell be s and the output voltage be V. Thus, 


V = e - ir = e - 
for both cases. Numerically, we get 


We solve for s and r. 

(a) r= l.OxlO 3 Q. 

(b) £=0.30 V. 

(c) The efficiency is 

V 2 /R 


0.10 V= ^-(0.10 V/500 Q)r 
0.15 V=e- (0.15 V/1000 Q)r. 


0.15V 


Ceived (I000n) (5.0cm 2 ) (2.0xlO- 3 W/cm 2 ) 


= 2.3x10=0.23% 


23. We note that two resistors in parallel, Ri and R 2 , are equivalent to 


1 1 „ RR ? 

- + — => R„= - 


i? 12 Ri R2 R\ +^?2 

This situation (Figure 27-38) consists of a parallel pair which are then in series with a 
single R3 = 2.50 Q resistor. Thus, the situation has an equivalent resistance of 

r ^ + ^ = 2.5on + (4 00 " )(400n) =4.5oa 

eq 3 12 4.00Q + 4.00Q 


24. Let the resistances of the two resistors be Ri and R 2 , with R\ < R 2 . From the 
statements of the problem, we have 

RiRi/iRi + R 2 ) = 3.0 Q and Ri + R 2 = 16 Q. 
So R\ and R 2 must be 4.0 Q and 12 Q, respectively. 

(a) The smaller resistance is i?i = 4.0 Q. 

(b) The larger resistance is R 2 = 12 Q. 


25. The potential difference across each resistor is V = 25.0 V. Since the resistors are 
identical, the current in each one is i = VIR = (25.0 V)/(18.0 fi) = 1.39 A. The total 
current through the battery is then í to tai = 4(1.39 A) = 5.56 A. One might alternatively use 
the idea of equivalent resistance; for four identical resistors in parallel the equivalent 
resistance is given by 

1 _ y 1 _ 4 
R^~^R~R' 


When a potential difference of 25.0 V is applied to the equivalent resistor, the current 
through it is the same as the total current through the four resistors in parallel. Thus 


itotai = VZRm = 4V/R = 4(25.0 V)/(18.0 Q) = 5.56 A. 


26. (a) R eq (FH) = (10.0 fi)(10.0 Q)(5.00 Q)/[(10.0 Q)(10.0 Q) + 2(10.0 Q)(5.00 Q)] = 
2.50 Q. 

(b) R eq (FG) = (5.00 Q) R/(R + 5.00 Q), where 

R = 5.00 Q + (5.00 Q)(10.0 Q)/(5.00 Q + 10.0 Q) = 8.33 Q. 
Soi? eq (FG) = (5.00 Q)(8.33 Q)/(5.00 Q + 8.33 Q) = 3.13 Q. 


27. Let i\ be the current in Ri and take it to be positive if it is to the right. Let i 2 be the 
current in R 2 and take it to be positive if it is upward. 

(a) When the loop rule is applied to the lower loop, the result is 
The equation yields 


8 2 - i x R x = 0 . 


,. i= £! = ^ = 0 .050A. 
R l 100Q 


(b) When it is applied to the upper loop, the result is 
The equation gives 


,,-,,-^ = 6.0V-S.0V-4flV 
2 R 2 50Q 

or I i 2 1 = 0.060 A. The negative sign indicates that the current in R 2 is actually downward. 
(c) If Vb is the potential at point b, then the potential at point a is V a = Vb + £3 + s 2 , so 

V a - V h = £3 + £2 = 4.0 V + 5.0 V = 9.0 V. 


28. The currents i\, i 2 and z' 3 are obtained from Eqs. 27-18 through 27-20: 


. = s^+RJ-s.R, = (4.0V)(10Q + 5.0Q)-(1.0V)(5.0Q) =Q2?5A 
h R^+R^+R^ (10Q)(10Q) + (10Q)(5.0Q) + (10Q)(5.0Q) 

. = s x R,-s 2 {R l+ R 2 ) = (4.0V)(5.0Q)-(1.0 V)(10Q + 5.0Q) =QQ25A 
h R^+R^+R^ (10Q)(10Q) + (10Q)(5.0Q) + (10Q)(5.0Q) 

i 3 = i 2 - z ; = 0.025A - 0.275A = -0.250A . 

Vd - V c can now be calculated by taking various paths. Two examples: from Vd - Í7R2 = 
V c we get 

V d - V c = i 2 R 2 = (0.0250 A) (10 Q) = +0.25 V; 
from Vd + Í3R3 + £2= V c we get 


V d -V c = Í3R3 -£i = -{- 0.250 A) (5.0 Q) - 1.0 V = +0.25 V. 


29. Let r be the resistance of each of the narrow wires. Since they are in parallel the 
resistance R of the composite is given by 


J_ _ 9 
tf ~7' 

or R = r/9. Now r = 4p£ I nd 2 and R = 4p£/ tzD 2 , where p is the resistivity of copper. A 

= nd 74 was used for the cross-sectional area of a single wire, and a similar expression 
was used for the cross-sectional area of the thick wire. Since the single thick wire is to 
have the same resistance as the composite, 

kD 2 9nd 2 


30. (a) By the loop rule, it remains the same. This question is aimed at student 
conceptualization of voltage; many students apparently confuse the concepts of voltage 
and current and speak of "voltage going through" a resistor - which would be difficult to 
rectify with the conclusion of this problem. 

(b) The loop rule still applies, of course, but (by the junction rule and Ohm's law) the 
voltages across Ri and R 3 (which were the same when the switch was open) are no longer 
equal. More current is now being supplied by the battery which means more current is in 
R 3 , implying its voltage-drop has increased (in magnitude). Thus, by the loop rule (since 
the battery voltage has not changed) the voltage across Rx has decreased a corresponding 
amount. When the switch was open, the voltage across Ri was 6.0 V (easily seen from 
symmetry considerations). With the switch closed, Ri and R 2 are equivalent (by Eq. 27- 
24) to 3.0 Q, which means the total load on the battery is 9.0 Q. The current therefore is 
1.33 A which implies the voltage-drop across i? 3 is 8.0 V. The loop rule then tells us that 
voltage-drop across Rx is 12 V - 8.0 V = 4.0 V. This is a decrease of 2.0 volts from the 
value it had when the switch was open. 


31. First, we note V4, that the voltage across R4 is equal to the sum of the voltages across 
R 5 and R(,: 

V 4 = i 6 (R 5 +R 6 )= (1.40 A)(8.00 Q + 4.00 fi) = 16.8 V. 
The current through R 4 is then equal to U = V4/R4 = 16.8 V/(16.0 Q) = 1.05 A. 

By the junction rule, the current in R 2 is 

i 2 = U + 16=1.05 A + 1.40 A = 2.45 A, 
so its voltage is V 2 = (2.00 Q)(2.45 A) = 4.90 V. 

The loop rule tells us the voltage across R3 is V3 = V 2 + V4 = 21.7 V (implying that the 
current through it is i 3 = V 3 /(2.00 Q) = 10.85 A). 

The junction rule now gives the current in Ri as i\ = i 2 + h= 2.45 A + 10.85 A = 13.3 A, 
implying that the voltage across it is Vi = (13.3 A)(2.00 Q) = 26.6 V. Therefore, by the 
loop rule, 

£= Vi + V 3 = 26.6 V + 21.7 V = 48.3 V. 


32. Using the junction rule (z 3 = i\ + i 2 ) we write two loop rule equations: 

10.0 V - hRx - (h + i 2 ) R 3 = 0 
5.00 V - i 2 R 2 - (h + ii) R3 = 0. 

(a) Solving, we find i 2 = 0, and 

(b) z 3 = z'i + i 2 = 1.25 A (downward, as was assumed in writing the equations as we did). 


33. (a) We reduce the parallel pair of identical 2.0 Q resistors (on the right side) to R' = 
1.0 Q, and we reduce the series pair of identical 2.0 Q resistors (on the upper left side) to 
R" = 4.0 Q. With R denoting the 2.0 Q resistor at the bottom (between V 2 and V\), we 
now have three resistors in series which are equivalent to 

R + R' + R" = 1.Q Q 

across which the voltage is 7.0 V (by the loop rule, this is 12 V - 5.0 V), implying that 
the current is 1.0 A (clockwise). Thus, the voltage across R' is (1.0 A)(1.0 Q) = 1.0 V, 
which means that (examining the right side of the circuit) the voltage difference between 
ground and V\ is 12 - 1 = 11 V. Noting the orientation of the battery, we conclude 

v; =-n v. 

(b) The voltage across R" is (1.0 A)(4.0 Q) = 4.0 V, which means that (examining the left 
side of the circuit) the voltage difference between ground and V 2 is 5.0 + 4.0 = 9.0 V. 
Noting the orientation of the battery, we conclude V 2 = -9.0 V. This can be verified by 
considering the voltage across R and the value we obtained for V\. 


34. (a) The voltage across R 3 = 6.0 Q is V 3 = iRs= (6.0 A)(6.0 Q) = 36 V. Now, the 
voltage across 7?i = 2.0 Q is 

(Va - V B ) - V 3 = 78 - 36 = 42 V, 

which implies the current is h = (42 V)/(2.0 Q) = 21 A. By the junction rule, then, the 
current in R2 = 4.0 Q is 

i 2 = i x - i = 21 A - 6.0 A = 15 A. 

The total power dissipated by the resistors is (using Eq. 26-27) 

i\ (2.0 fi) + i\ (4.0 fi) + í 1 (6.0 Q) = 1998 W « 2.0 kW . 

By contrast, the power supplied (externally) to this section is P A = ía (Va - Vb) where i A = 
ii = 21 A. Thus, Pa = 1638 W. Therefore, the "Box" must be providing energy. 

(b) The rate of supplying energy is (1998 - 1638 )W = 3.6xl0 2 W. 


35. The voltage difference across R3 is V3 = eR' l(R' + 2.00 Q), where 


R' = (5.00 ÍXR)/(5.00 Q + R 3 ). 


Thus, 


P = 


R 3 R 3 


( sR' ^ 

2 

1 

f s > 


K R' + 2.00Qj 

= Y 3 

v l + 2.00 Q/7?' , 

7? 3 


(2.00Q)(5.00Q + i?) 
1 ' (5.00Q)i? 3 


/(*>) 


where we use the equivalence symbol = to define the expression/(i?3). To maximize P3 
we need to minimize the expression/(7? 3 ). We set 


df(R 3 ) _ 4.00Q 2 | 49 _ ( 
6?i? 3 R 3 25 


to obtain tf 3 = ,J(4.00Q 2 )(25)/49= 1.43 Q. 


36. (a) For typing convenience, we denote the emf of battery 2 as V 2 and the emf of 
battery 1 as V\. The loop rule (examining the left-hand loop) gives V 2 + i\R\ - Vi = 0. 
Since V\ is held constant while V 2 and i x vary, we see that this expression (for large 
enough V 2 ) will result in a negative value for i l - so the downward sloping line (the line 
that is dashed in Fig. 27-47 (b)) must represent i { . It appears to be zero when V 2 = 6 V. 
With z'i = 0, our loop rule gives V\ = V 2 which implies that Vi = 6.0 V. 

(b) At V 2 = 2 V (in the graph) it appears that i x = 0.2 A. Now our loop rule equation (with 
the conclusion about Vi found in part (a)) gives Ri = 20 Q. 

(c) Looking at the point where the upward- sloping i 2 line crosses the axis (at V 2 = 4 V), 
we note that z\ = 0.1 A there and that the loop rule around the right-hand loop should give 

Vi -hRi = hR 2 

when ii = 0.1 A and i 2 = 0. This leads directly to R 2 = 40 Q. 


37. (a) We note that the Ri resistors occur in series pairs, contributing net resistance 2R\ 
in each branch where they appear. Since £2 = £3 and R2 = 2R\, from symmetry we know 
that the currents through £2 and £3 are the same: z'2 = z'3 = z. Therefore, the current through 
£\ is z'i = 2z. Then from Vi, - V a = £2 - 1R2 = S\ + (2i?i)(2z) we get 

£ -£ 4 OV-2 OV 
4R, + R 2 4(1.0 Q) + 2.0 Q 

Therefore, the current through s\ is i\ = 2z = 0.67 A. 

(b) The direction of i\ is downward. 

(c) The current through £ 2 is i 2 = 0.33 A. 

(d) The direction of i 2 is upward. 

(e) From part (a), we have z'3 = i 2 = 0.33 A. 

(f) The direction of z 3 is also upward. 


(g) V a -V h = -iR 2 + £ 2 = -(0.333 A)(2.0 Q) + 4.0 V = 3.3 V. 


38. (a) Using the junction rule (z'i = h + h) we write two loop rule equations: 

^-h R i-{h + h) R \ =0 
s 2 -i 3 R 3 -(i 2 +i 3 )R x =0. 

Solving, we find Í2 = 0.0109 A (rightward, as was assumed in writing the equations as we 
did), i 3 = 0.0273 A (leftward), and h = i 2 + h = 0.0382 A (downward). 

(b) The direction is downward. See the results in part (a). 

(c) i 2 = 0.0109 A . See the results in part (a). 

(d) The direction is rightward. See the results in part (a). 

(e) z 3 = 0.0273 A. See the results in part (a). 

(f) The direction is leftward. See the results in part (a). 

(g) The voltage across Ri equals V A : (0.0382 A)(100 O) = +3.82 V. 


39. (a) The symmetry of the problem allows us to use i 2 as the current in both of the R 2 
resistors and i\ for the i?i resistors. We see from the junction rale that z 3 = i\ - i 2 . There 
are only two independent loop rule equations: 

s — Z 2 ^2 — h^i = 0 
s-li^ -(/, -i 2 )R 3 =0 

where in the latter equation, a zigzag path through the bridge has been taken. Solving, we 
find 11 = 0.002625 A, i 2 = 0.00225 A and h = h - h = 0.000375 A. Therefore, V A - V B = 
= 5.25 V. 

(b) It follows also that V B -V C = Í3R3 = 1-50 V. 

(c) We find V c - V D = hRi = 5.25 V. 


(d) Finally, V A -V C = hRi = 6.75 V. 


40. (a) Resistors R 2 , R3 and R4 are in parallel. By finding a common denominator and 
simplifying, the equation l/R = l/R 2 + l/^?3 + I/R4 gives an equivalent resistance of 

R _ R 2 R 3 R 4 (50.0Q)(50.0Q)(75.0Q) 

~ R 2 R 3 +R 2 R 4 +R 3 R 4 ~ (50.0Q)(50.0Q) + (50.0Q)(75.0Q) + (50.0Q)(75.0Q) 
= 18.8Q. 

Thus, considering the series contribution of resistor Ri, the equivalent resistance for the 
networkis R eq = R l +R = 100 Q + 18.8 Q = 118.8 Q « 119 fi. 

(b) i x = e/R sq = 6.0 V/(118.8 Q) = 5.05 x IO" 2 A. 

(c) i 2 = (s- Vi)IR 2 = (s- hRi)IR 2 = [6.0V - (5.05 x IO" 2 A)(100Q)]/50 Q = 1.90 x IO" 2 A. 

(d) 13 = (s- = Í2R2/R3 = (1.90 x IO" 2 A)(50.0 Q/50.0 Q) = 1.90 x IO" 2 A. 

(e) U = h - h - h = 5.05 x IO" 2 A - 2(1.90 x IO" 2 A) = 1.25 x IO" 2 A. 


41. (a) The batteries are identical and, because they are connected in parallel, the 
potential differences across them are the same. This means the currents in them are the 
same. Let i be the current in either battery and take it to be positive to the left. According 
to the junction rule the current in R is 2i and it is positive to the right. The loop rule 
applied to either loop containing a battery and R yields 

s-ir-2iR = 0 => / = 


r + 2R 

The power dissipated in R is 

(r + 2R) 2 

We find the maximum by setting the derivative with respect to R equal to zero. The 
derivative is 

dP__ As 2 l6s 2 R _ As 2 (r-2R) 

~dR~ (r + 2R) 3 ~(r + 2R) 3 ~ (r + 2R) 3 

The derivative vanishes (and P is a maximum) if R = r/2. With r = 0.300 Q, we have 
i? = 0.150Q. 

(b) We substitute R = r/2 into P = As 2 RI(r + 2R) 2 to obtain 

p _ Ae\rl2) _S _ (12.0 V) 2 ^ 
max [r + 2(r/2)f 2r 2(0.300 Q) 


42. (a) By symmetry, when the two batteries are connected in parallel the current i going 
through either one is the same. So from s= ir + (2i)R with r = 0.200 Q and i? = 2.00r, we 

/ =2i = ^ = 2(12 -° V) -24 0 A 

R r + 2R 0.200Q + 2(0.400Q) 

(b) When connected in series 2a- Írt - i R r - i R R = 0, or i R = 2sl(2r + R). The result is 

• o- ls 2(12.0V) 

i R =2i= = = 30.0 A. 

2r + R 2(0.200Q) + 0.400Q 

(c) In series arrangement, since R > r. 

(d) If R = r/2.00, then for parallel connection, 

• „. 2s 2(12.0V) ^ nnA 

i R =2i= = = 60.0 A. 

R r + 2R 0.200Q + 2(0.100Q) 

(e) For series connection, we have 

/ =2i= 1S - 2(12 -° V) =48 0 A 
R 2r + R 2(0.200Q) + 0.100Q 


(f) In parallel arrangement, since R < r. 


43. (a) We first find the currents. Let i\ be the current in R\ and take it to be positive if it 
is to the right. Let i 2 be the current in R 2 and take it to be positive if it is to the left. Let z 3 
be the current in R3 and take it to be positive if it is upward. The junction rule produces 

1, + i 2 + i 3 = 0 . 

The loop rule applied to the left-hand loop produces 

s 1 -i í R í + i 3 R 3 = 0 
and applied to the right-hand loop produces 

S 2 ~ Í 2 R 2 '3^3 = 0 • 

We substitute z 3 = -12 - h, from the first equation, into the other two to obtain 
and 

£ 2 ~ Í 2 R 2 ~ Z 2^3 = 0 . 

Solving the above equations yield 


£ X (R 2 +R 3 )-£ 2 R 3 

(3.00 V)(2.00 Q + 5.00 Q) - (1 .00 V)(5.00 Q) 

R^R 2 + R\Rí ^2^3 

(4.00 fi)(2.00 Q) + (4.00 Q)(5.00Q) + (2.00 Q)(5.00 Q) 

£ 2 + R 3 ) — 

(1.00 V)(4.00 Q + 5.00 Q) - (3.00 V)(5.00 Q) 

R^R 2 + R\R^ ^2^3 

(4.00 Q)(2.00 Q) + (4.00 Q)(5.00Q) + (2.00 Q)(5.00 Q) 

£ 2 R l + £ X R 2 

(LOO V)(4.00 Q) + (3.00 V)(2.00 Q) 


= 0.421 A. 


= -0.158 A. 


= -0.263 A. 


R^ 2 + R^R 3 + R 2 R 3 (4.00 Q)(2.00 Q.) + (4.00 Q)(5.00Q) + (2.00 Q)(5.00 Q) 


Note that the current z 3 in 7? 3 is actually downward and the current z 2 in R2 is to the right. 
The current i\ in i?i is to the right. 

(a) The power dissipated in R x is P l = zffl, = (0.421 A) 2 (4.00 Q) = 0.709 W. 

(b) The power dissipated in R 2 is P 2 = z' 2 2 i? 2 = (-0.158 A) 2 (2.00 Q) = 0.0499 W * 0.050 W. 

(c) The power dissipated in R 3 is P 3 = i 3 2 R 3 = (-0.263 A) 2 (5.00 Q) = 0.346 W. 

(d) The power supplied by £y is z' 3 A = (0.421 A)(3.00 V) = 1.26 W. 

(e) The power "supplied" by £ 2 is i 2 £ 2 = (-0.158 A)(1.00 V) = -0.158 W. The negative 
sign indicates that £ 2 is actually absorbing energy from the circuit. 


44. (a) When R 3 = O ali the current passes through Ri and i? 3 and avoids R 2 altogether. 
Since that value of the current (through the battery) is 0.006 A (see Fig. 27-54(b)) for R 3 
= 0 then (using Ohm's law) 

i?! = (12V)/(0.006 A)= 2.0xl0 3 Q. 

(b) When R 3 = oo ali the current passes through Ri and R 2 and avoids i? 3 altogether. Since 
that value of the current (through the battery) is 0.002 A (stated in problem) for R 3 = oo 
then (using Ohm's law) 


i? 2 = (12V)/(0.002 A) -Ri = 4.0xl0 3 Q. 


45. Let the resistors be divided into groups of n resistors each, with ali the resistors in the 
same group connected in series. Suppose there are m such groups that are connected in 
parallel with each other. Let R be the resistance of any one of the resistors. Then the 
equivalent resistance of any group is nR, and R eq , the equivalent resistance of the whole 
array, satisfies 

1 1 _ m 

R eq ~^nR~ nR' 


Since the problem requires R eq = 10 Q = R, we must select n = m. Next we make use of 
Eq. 27-16. We note that the current is the same in every resistor and there are n ■ m = n 1 
resistors, so the maximum total power that can be dissipated is P totsi = n 2 P, where 
P = 1.0W is the maximum power that can be dissipated by any one of the resistors. The 
problem demands P to tai ^ 5.0P, so n must be at least as large as 5.0. Since n must be an 
integer, the smallest it can be is 3. The least number of resistors is n = 9. 


46. The equivalent resistance in Fig. 27-55 (with n parallel resistors) is 


R = R + * = 

eq 

n 


n + l 


v " J 


R 


The current in the battery in this case should be 


h = 


^battery _ 1 ^battery 


R 


eq 


n + l R 


If there were n +1 parallel resistors, then 


v 

_ battery 


n+l 


eq 


n + l K 


battery 


n + 2 7? 


For the relative increase to be 0.0125 ( = 1/80 ), we require 


\n± 1 In ln+ 1 
In In 


1= (w + l)/(/i + 2) t = J_ 
n/(n + l) 80 


This leads to the second-degree equation 


n + 2n - 80 = (n + 10)(n - 8) = 0. 


Clearly the only physically interesting solution to this is n = 8. Thus, there are eight 
resistors in parallel (as well as that resistor in series shown towards the bottom) in Fig. 
27-55. 


47. (a) The copper wire and the aluminum sheath are connected in parallel, so the 
potential difference is the same for them. Since the potential difference is the product of 
the current and the resistance, i c Rc = ÍaRa, where i c is the current in the copper, i A is the 
current in the aluminum, R c is the resistance of the copper, and R A is the resistance of the 
aluminum. The resistance of either component is given by R = pL/A, where p is the 
resistivity, L is the length, and A is the cross-sectional area. The resistance of the copper 

2 2 2 

wire is Rc = pcL/na , and the resistance of the aluminum sheath is Ra = pAL/n(b - a). 
We substitute these expressions into i c R c = ÍaRa, and cancel the common factors L and n 
to obtain 

icPc _ 1 aPa 


2 7.2 2 

a b -a 


We solve this equation simultaneously with i = i c + ía, where i is the total current. We 
find 


l c = 


r lPc l 


and 


( r l- r c)Pc + r cPA 
. ( r l- r Z)PçÍ 

l A ~ I 2 2\ ,2 

X A - r c)Pc+ r cPA 

The denominators are the same and each has the value 


(b 2 -a)p c +ap A = (0.380 x 1(T 3 mf - (0.250 x 1(T 3 mf (l.69xlO" 8 Q-m) 

+ (0.250 x 10" 3 m) 2 (2.75 x 10" 8 Q-m) 
= 3.10x10 15 Q-m 3 . 


Thus, 


l c = 


(0.250 x IO" 3 m) 2 (2.75 x IO -8 Q-m) (2.00 A) 


3.10xl0" 15 Q-m 


= 1.11 A 


(b) Similarly, 


Ia = 


(0.380xl0" 3 m) 2 -(0.250xl0" 3 m) 2 (l .69 x 10" 8 Q-m) (2.00A) 


3.10xl0" 15 Q-m 3 


= 0.893 A. 


(c) Consider the copper wire. If V is the potential difference, then the current is given by 
V = i c Rc = icPcL/n a 2 , so 


ra V (Tt)(0.250xlO- 3 m) 2 (l2.0V) 
i c p c (1.11 A) (1.69 x IO" 8 Q-m) 


48. (a) We use P = s 2 /R eq , where 


(12.0 Q) (4.00 D.)R 


(12.0 Q)(4.0Q) + (12.0 Q)R + (4.00 Q)R 

Put P = 60.0 W and s = 24.0 V and solve for R: R=19.5 Q. 

(b) Since P cc R eq , we must minimize R eq , which means R = 0. 

(c) Now we must maximize R eq , or set R = x.. 

(d) Since 7? eq , min = 7.00 Q, P max = s 2 /R eq , ^ = (24.0 V) 2 /7.00 Q = 82.3 W. 

(e) Since R eq , max = 7.00 Q + (12.0 Q)(4.00 Q)/(12.0 Q + 4.00 Q) = 10.0 Q, 

= e 2 /P eq , max = (24.0 V) 2 /10.0 Q = 57.6 W. 


49. The current in R2 is i. Let i\ be the current in R\ and take it to be downward. 
According to the junction rule the current in the voltmeter is i - i\ and it is downward. We 
apply the loop rule to the left-hand loop to obtain 


a - iR 2 - ZjT?, - ir = 0. 
We apply the loop rule to the right-hand loop to obtain 

^-(i-i^Ry =0. 

The second equation yields 

• R, + R v . 

1 = — -u. 

We substitute this into the first equation to obtain 

(R 2 +r)(R, +R V ) 

s - ^ — ^ — V M, + iVi = 0. 


This has the solution 


SRy 


1 (R 2 +r)(R l + Ry) + R l R v ' 
The reading on the voltmeter is 

sR v R, (3.0V)(5.0xl0 3 Q)(250Q) 


iA = 


(R 2 +r) (R l +R V ) + R 1 R V (300Q + 100Q)(250Q + 5.0xl0 3 Q) + (250Q)(5.0xl0 3 Q) 
= 1.12V. 

The current in the absence of the voltmeter can be obtained by taking the limit as R v 
becomes infinitely large. Then 

SR, _ (3.0V)(250n) 
R x +R 2 +r 250Q + 300Q + 100Q 


The fractional error is (1.12 - 1.15)7(1.15) = -0.030, or -3.0%. 


50. (a) Since / = sl(r + R ext ) and / max = s/r, we have R ext = R(i max /i - 1) where r = 1.50 
V/l. 00 mA = 1.50 x 10 3 Q. Thus, 

R en =(1.5xl0 3 Q)(l/0.100-l) = 1.35xl0 4 Q 

(b) i? ext =(1.5 x IO 3 Q)(l/ 0.500-1) = 1.5 x IO 3 Q. 

(c) R ext =(1.5xl0 3 Q)(l/0.900-l) = 167Q. 

(d) Since r = 20.0 D. + R, R= 1 .50 x IO 3 Q - 20.0 Q = 1.48 x IO 3 Q. 


51. (a) The current in Ri is given by 

5 5 - 0V IH A 

i, = = = 1.14 A. 

R l + R 2 R 3 /(R 2 +R 3 ) 2.0Q + (4.0Q)(6.0Q)/(4.0Q + 6.0Q) 


Thus, 


. = s-V x = e-i x R x = 5.0 V-(1.14 A)(2.0Q) =Q/|g A 
h R 3 R 3 6.0Q 


(b) We simply interchange subscripts 1 and 3 in the equation above. Now 

h = 7 -< vT = 77 X/ 5 " QV } -^^O.ÔUSA 

R 3 +(R 2 R l /(R 2 +R l )) 6.0Q + ((2.0Q)(4.0Q)/(2.0Q + 4.0Q)) 


and 


5.0V-(0.6818A)(6.0n) =04 
1 2.0 Q 


the same as before. 


52. (a) £= V + ir = 12 V + (10.0 A) (0.0500 Q) = 12.5 V. 
(b) Now s=V'+ (/motor + 8.00 A)r, where 

V = i Atfiight = (8.00 A) (12.0 V/10 A) = 9.60 V. 


Therefore, 


s-V 12 5V-9 60V 

i = .g_!L-8.00A= - 3V -8.00A = 50.0A. 

r 0.0500Q 


53. Since the current in the ammeter is i, the voltmeter reading is 

V =V+ iR A = i(R + R A ), 

or R = V/i -R A = R' - Ra, where R' = V/i is the apparent reading of the resistance. Now, 
from the lower loop of the circuit diagram, the current through the voltmeter is 
i v =s/(R eq +R 0 ), where 

J_ = J_ + ^_ ^ R _ Ry {R + R A ) _ (300Q)(85.0Q + 3.00Q) _ 6g qq 
^eq R A+ R eq Rv+ r + R a 300Q + 85.0Q + 3.00Q 

The voltmeter reading is then 


v R eq + R 0 68.0Q+100Q 


(a) The ammeter reading is 


V 4.86 V 

i = — = = 0.0552 A. 

R + R A 85.0Q + 3.00Q 


(b) As shown above, the voltmeter reading is V ' = 4.86 V. 

(c) R' = V/i = 4.86 V/(5.52 x IO" 2 A) = 88.0 Q. 


(d) Since R = R'-R A , if R A is decreased, the difference between R' and R decreases. In 
fact, whenR A = 0,R , =R. 


54. Note that there is no voltage drop across the ammeter. Thus, the currents in the 
bottom resistors are the same, which we call i (so the current through the battery is 2i and 
the voltage drop across each of the bottom resistors is iR). The resistor network can be 
reduced to an equivalence of 

R _ ( 2 *)(*) | WW _ 7 R 
eq 2R + R R + R 6 

which means that we can determine the current through the battery (and also through 
each of the bottom resistors): 

l ~R^ q ^ 1 ~2R~~2(1R/6)~TR' 

By the loop rule (going around the left loop, which includes the battery, resistor 2R and 
one of the bottom resistors), we have 

s-i 2R {2R)-iR = Q => i 2R=-^ R -- 

Substituting i = 3sllR, this gives i 1R = 2sllR. The difference between í 2 r and i is the 
current through the ammeter. Thus, 

3f 2f f i 1 

Wer=*'-*2* =—- — = — => ™é L = i = 0 .143. 
ammeter 77? IR IR SlR 7 


55. Let i\ be the current in R\ and R2, and take it to be positive if it is toward point a'mR\. 
Let í*2 be the current in R s and R x , and take it to be positive if it is toward b in R s . The loop 
rule yields (Ri + R 2 )ii - (R x + R,dh = 0. Since points a and b are at the same potential, 
i\Ri = iiRs- The second equation gives z'2 = i\R\IR s , which is substituted into the first 
equation to obtain 

(r^r^r^rA => R x = ^. 


56. The currents in R and Ry are i and V - i, respectively. Since V = iR = (V - i)Rv we 
have, by dividing both sides by V, 1 = (V/V- HV)R V = (l/R' - 1/R)R V . Thus, 


iÍ ií' iÍy R ~\- Ry 

RR 

The equivalent resistance of the circuit is R eq =R A +R 0 +R' = R A + R () H — 

R + R v 

(a) The ammeter reading is 
.,_ g ^ 12.0 V 


^ eq R A +R 0 +R V R/{R+R V ) 3.00Q + 100Q+(300Q) (85.0Q)/(300Q + 85.0Q) 
= 7.09xlO~ 2 A. 

(b) The voltmeter reading is 

V=s-i'(R A + Ro) = 12.0 V - (0.0709 A) (103.00 Q) = 4.70 V. 

(c) The apparent resistance is R' = V/i' = 4.70 V/(7.09 x IO 2 A) = 66.3 Q. 

(d) If Rv is increased, the difference between R and R' decreases. In fact, R'—>R as 


57. During charging, the charge on the positive plate of the capacitor is given by 

q = Cs(l-e' /T ), 

where C is the capacitance, s is applied emf , and z = RC is the capacitive time constant. 
The equilibrium charge is q eq = Cs. We require q = 0.99q eq = 0.99Cs, so 

0.99 = l-e" ,/r . 

Thus, e ~' /t = 0.01. Taking the natural logarithm of both sides, we obtain í/r = - ln 0.01 = 
4.61 or í = 4.61r. 


58. (a) We use q = q Q e tlr , or t = r ln (qo/q), where r = RC is the capacitive time constant. 
Thus, 


í 1/3 =rln 


í \ 
K 2qJ3j 


= rln 


= 0.4 lr => -^- = 0.41. 

T 


(b) f 2/3 = rln 


f \ 
y q 0 /3j 


= rln3 = l.lr 


^ = 1.1. 
r 


59. (a) The voltage difference V across the capacitor is V(t) = s(l - e ). At t = 1.30 /us 
we have V(t) = 5.00 V, so 5.00 V = (12.0 V)(l - e - l30 ^ IRC ), which gives 

r= (1.30 ju s)/ln(12/7) = 2.41 jus. 

(b) The capacitance is C = t/R = (2 Al //s)/(15.0 kQ) = 161 pF. 


60. (a) t=RC = (IA0x 10 6 Q)(1.80x 10 F) = 2.52 s. 
(b) q„ = sC = (12.0 V)(1.80 juF) = 21.6 juC. 


(c) The time t satisfies q = qo(l - e t/RC ), or 


t = RC\n 


í \ 


(2.52s)ln 


21.6 juC 


21. 6 //C- 16.0 juC 


61. Here we denote the battery emf as V. Then the requirement stated in the problem that 
the resistor voltage be equal to the capacitar voltage becomes iR = V cap , or 

Ve- t/RC =V(l-e- t/RC ) 

where Eqs. 27-34 and 27-35 have been used. This leads to t = RC ln2, or í= 0.208 ms. 


62. (a) The potential difference V acros s the plates of a capacitar is related to the charge q 
on the positive plate by V = q/C, where C is capacitance. Since the charge on a 
discharging capacitar is given by q = q 0 e' tlr , this means V = Vq e~ ,lr where V 0 is the initial 
potential difference. We solve for the time constant r by dividing by Vq and taking the 
natural logarithm: 

_ t lOOs - 2 17 s 

T ~~ ln(V/V 0 ) ~ ~ ln [(1.00 V)/(100 V)] ~ 


(b) At t = 17.0 s, t/r= (17.0 s)/(2.17 s) = 7.83, so 


V = V Q e-' /T = (100 V)e- 7 83 = 3.96 x IO" 2 V 


63. The potential difference across the capacitor varies as a function of time t as 
V(t) =V Q e~" RC . Using V = Vq/4 at t = 2.0 s, we find 


R = 1 - = - = 7.2xl0 5 Q. 

Cln(V 0 /V) (2.0x10^) ln 4 


64. (a) The initial energy stored in a capacitar is given by U c = q\ I2C, where C is the 
capacitance and qo is the initial charge on one plate. Thus 

q Q = ^2CU C = ^2(1.0 x IO" 6 F)(0.50 J) = 1.0 x IO" 3 C . 

(b) The charge as a function of time is given by q = q 0 e~'^ , where r is the capacitive time 
constant. The current is the derivative of the charge 

■ _ dg _ q () ^_ t / T 
dt r 

and the initial current is z'o = qç) t. The time constant is 

r = RC = (l.OxlO -6 F)(l.0xl0 6 Q) = l.Os . 

Thus i 0 = (1.0 x IO" 3 C) /(l.0s) = 1.0 x IO" 3 A . 

(c) We substitute q = q 0 e~' /r into Vc = q/C to obtain 


V ■ <h e -t/r = 
c C 


a-3 ^ 


L()xl(rC e"' /10s =(l.0xl0 3 v)e" 10 ' , 


1.0x10 6 Fj 


where t is measured in seconds. 

(d) We substitute i = (q Q /r)e~' /T into V R = iR to obtain 


aR , (l.0xl0" 3 C)(l.0xl0 6 Q) Hn . 
V = M. e -/* =\ !\ l e -w = i.oxio 3 V 

R T Í.OS V ' 


-1.0/ 

e 


where t is measured in seconds. 

(e) We substitute i = (q 0 / r)e"' /r into P = i 2 R to obtain 


a 2 R , (l.0xl0" 3 C) fl.0xl0 6 Q) , 
r 2 (l.Os) 2 V 7 


where t is again measured in seconds. 


65. At t = O the capacitar is completely uncharged and the current in the capacitar branch 
is as it would be if the capacitar were replaced by a wire. Let i\ be the current in R\ and 
take it to be positive if it is to the right. Let i 2 be the current in R 2 and take it to be 
positive if it is downward. Let z 3 be the current in R 3 and take it to be positive if it is 
downward. The junction rule produces z\ = i 2 + i 3 , the loop rule applied to the left-hand 
loop produces 

s — i\R\ — z 2 i? 2 = 0 j 
and the loop rule applied to the right-hand loop produces 

Z 2 ^? 2 _ z 3^3 = 0 . 

Since the resistances are ali the same we can simplify the mathematics by replacing R\, 
R 2 , and i? 3 with R. 

(a) Solving the three simultaneous equations, we find 

2 £ 2(1.2 x IO 3 V) 
L = — = -± -4 = l.lxlO- 3 A, 


1 3R 3(0.73 x IO 6 Q) 


s 1.2xl0 3 V 
3i?~3(0.73xl0 6 Q) 


(b) i = — = — =5.5x10^ A, and 


(c) / 3 =/ 2 =5.5xlO" 4 A. 

At t = 00 the capacitar is fully charged and the current in the capacitar branch is 0. Thus, 
i\ = Í2, and the loop rule yields 


(d) The solution is 


s-i A R\ -i x R 2 = 0 


. s 1.2xl0 3 V co 1A _4 A 

z, = — = —, ^ = 8.2x10 A. 

2R 2(0.73xl0 6 Q) 


(e) z 2 =z, =8.2x10^ A 


(f) As stated before, the current in the capacitar branch is z 3 = 0. 

We take the upper plate of the capacitar to be positive. This is consistent with current 
flowing into that plate. The junction equation is i\ = i 2 + h, and the loop equations are 

a - i x R - i 2 R = 0 


- — -LR + LR = 0 . 
C 


We use the first equation to substitute for i\ in the second and obtain s - 2ítR - 13R = 0. 
Thus Í2 = (s - hR)l2R. We substitute this expression into the third equation above to 
obtain 

-(q/Q - (i 3 R) + (s/2) - (hR/2) = 0. 

Now we replace 13 with dqldt to obtain 

3R dq q _ s 
2 dt C ~ 2 ' 

This is just like the equation for an RC series circuit, except that the time constant is r = 
3RC/2 and the impressed potential difference is s/2. The solution is 


Ce, 


- (l _ e -/3« C) 


The current in the capacitar branch is 

;( í) = ^ = _L e -2'/3«\ 
3 dt 3R 

The current in the center branch is 

2 2R 2 2R 6R ^ V ' 


and the potential difference across R2 is 


6R 


V 2 (t) = i 2 R = ^(3-e- 2t/3RC ). 

(g) For t = 0, e ' 2,/3RC = 1 and V 2 =^/3 = (l.2xl0 3 v)/3 = 4.0xl0 2 V . 

(h) For t = 00, e- 2t,3RC -> 0 and V 2 =^/2 = (l.2 x 20 3 v)/2 = 6.0xl0 2 V . 

(i) A plot of V2 as a function of time is shown in the following graph. 



•5 2 


6 8 fÕ 12 14 16 


66. The time it takes for the voltage difference across the capacitar to reach V L is given 
by V L = s(l - e' lRC ) . We solve for R: 

R - í - °J^1 -235xl0 6 Q 

C ln[s/(£- V L )] (0.1 50 x IO" 6 F) ln[95.0 V /(95.0 V - 72.0 V)] 


where we used t = 0.500 s given (implicitly) in the problem. 


67. In the steady state situation, the capacitar voltage will equal the voltage across R 2 = 
15 kQ: 


V n =R, 


R l+ R 2 


= (!5.0kQ) 


20.0V 


v 10.0kQ + 15.0kQ y 


= 12.0V. 


Now, multiplying Eq. 27-39 by the capacitance leads to V = V 0 e~ tRC describing the 
voltage across the capacitar (and across R2 = 15.0 kQ) after the switch is opened (at t = 0). 
Thus, with t = 0.00400 s, we obtain 


V =(12)í 


-O.OO4/(150OO)(0.4xlO -6 ) 

' = o.lo V . 


Therefore, using Ohm' s law, the current through R2 is 6. 16/15000 = 4. 1 1 x 10 A. 


68. We apply Eq. 27-39 to each capacitar, demand their initial charges are in a ratio of 
3:2 as described in the problem, and solve for the time. With 

Ti =R i C i =(20.0Q)(5.00xl(T 6 F) = 1.00x10^ s 
r 2 =R 2 C 2 =(10.0Q)(8.00xl(T 6 F) = 8.00xl(T 5 s , 

we obtain 

, ln(3/2) ln(3/2) ^ 

f = — ; r = j — ; -. — r = l. 62x10 s. 

r 2 _1 -t; 1 1.25 x IO 4 s" 1 -l.OOxlO 4 s _1 


69. (a) The charge on the positive plate of the capacitar is given by 

q = Ce(l-e' /T ), 

where a is the emf of the battery, C is the capacitance, and z is the time constant. The 
value of r is 

r=i?C=(3.00x 10 6 Q)(1.00x IO" 6 F) = 3.00 s. 

At t = 1.00 s, tlr= (1.00 s)/(3.00 s) = 0.333 and the rate at which the charge is increasing 
is 

^_Ç^_ t/r JiX)0x10" 6 f)(4.00 V) 
dt t 6 3.00 s 


e" 0333 = 9.55 x IO" 7 C/s 


(b) The energy stored in the capacitar is given by U c =-*—, and its rate of change is 


Now 


2C 


dU c _ q dq 


dt C dt 

q = Cs{\- e~' /T ) = (1.00 x IO" 6 ) (4.00 V) (l - e~° 333 ) = 1.13 x IO" 6 C, 


so 


dU c _ q dq _ 
dt C dt 


^1.13xlQ" 6 C A 
1.00xlO" 6 F 


(9.55 x IO" 7 C/s) = 1 .08 x IO" 6 W. 


(c) The rate at which energy is being dissipated in the resistor is given by P = i R. The 
current is 9.55 x IO" 7 A, so 

P = (9.55 x IO" 7 A) 2 (3.00 x IO 6 fi) = 2.74 x IO" 6 W. 

(d) The rate at which energy is delivered by the battery is 

is = (9.55 x IO" 7 A) (4.00 V) = 3.82 x IO" 6 W. 

The energy delivered by the battery is either stored in the capacitar or dissipated in the 
resistor. Conservation of energy requires that is = (q/C) (dqldt) + i R. Except for some 
round-off error the numerical results support the conservation principie. 


70. The resistor by the letter i is above three other resistors; together, these four resistors 
are equivalent to a resistor R = 10 Q (with current i). As if we were presented with a 
maze, we find a path through R that passes through any number of batteries (10, it turns 
out) but no other resistors, which — as in any good maze — winds "ali over the place." 
Some of the ten batteries are opposing each other (particularly the ones along the outside), 
so that their net emf is only s = 40 V. 

(a) The current through R is then i = s/R = 4.0 A. 

(b) The direction is upward in the figure. 


71. (a) In the process described in the problem, no charge is gained or lost. Thus, q = 
constant. Hence, 

C ( 1 50^ 

q = C i V 1 =C 2 V 2 => V 2 =^^ = (200) | — =3.0xl0 3 V. 


10 


(b) Eq. 27-39, with r = RC, describes not only the discharging of q but also of V. Thus, 


V=V 0 e 


-t/r 


t = RC\n 


^l = (300xl0 9 Q) (l0xl0- 12 F)lní^ 

v ) v M ; Uoo 


which yields t = 10 s. This is a longer time than most people are inclined to wait before 
going on to their next task (such as handling the sensitive electronic equipment). 

(c) We solve V = V Q e~' /RC for R with the new values V 0 = 1400 V and t = 0.30 s. Thus, 


R = 


0.30 s 


= l.lxl0 10 Q 


Cln(V 0 /V) (10 x IO" 12 F)ln(l400/100) 


72. (a) Since R tank = 140 fi,i = 12V/(10Q + 140Q) = 8.0xl0~ 2 A . 

(b) Now, i? tank = (140 Q + 20 Q)/2 = 80 Q, so i = 12 V/(10 Q + 80 Q) = 0.13 A. 

(c) When full, i? tank = 20 Q so i = 12 V/(10 Q + 20 Q) = 0.40 A. 


73. We use the result of Problem 27-63: R = tl[C ln(Vb/V)]. 


(a) Then, for t^n = 10.0 /us 


^min 


10.0 jus 


(0.220 //F) ln (5.00/0.800) 


= 24.8Q. 


(b) For í max = 6.00 ms, 


R — 

max 


^Ó.OOms^ 
10.0 jus 


(24.8Q) = 1.49xl0 4 Q 


where in the last equation we used r= RC. 


74. (a) Using Eq. 27-4, we take the derivative of the power P = i R with respect to R and 
set the result equal to zero: 


dP _ d 
dR ~ dR 


e z R 


(R + r) 2 


s 2 (r-R) 
(R + r) 3 


= 0 


which clearly has the solution R = r. 

(b) When R = r, the power dissipated in the externai resistor equals 


P„„ = 


e 2 R 
(R + r) 2 


8 

47 


75. (a) The magnitude of the current density vector is 

_ i _ V _ 4V 4(60.0V) 

A {R l +R 2 )A (R 1+ R 2 )kD 2 7r (0.127Q+0.729Q)(2.60xl0- 3 m) 2 

= 1.32xl0 7 A/m 2 . 

(b) V A = VRxl(Rx+R 2 ) = (60.0 V)(0.127 Q)/(0.127 Q + 0.729 Q) = 8.90 V. 

(c) The resistivity of wire A is 

R A A ttR a D 2 ;r(0.127Q)(2.60xl0- 3 m) 2 1<;nin - 8 ^ 

p . = —^- = — â — = — = 1.69x10 Q-m. 

A L A 4L A 4(40.0 m) 

So wire A is made of copper. 

(d) 7 B =7 A =1.32xl0 7 A/m 2 . 

(e) V B = V-V A = 60.0 V - 8.9 V = 51.1 V. 

(f) The resistivity of wire B is p B = 9.68 x 10 s Q • m, so wire B is made of iron. 


Here we denote the battery emf as V. Eq. 27-30 leads to 


77. The internai resistance of the battery is r = (12 V -1 1.4 V)/50 A = 0.012 Q < 0.020 Q, 
so the battery is OK. The resistance of the cable is 

R = 3.0 V/50 A = 0.060 Q > 0.040 Q, 

so the cable is defective. 


78. The equivalent resistance of the series pair of R3 = R4 = 2.0 Q is Rs4= 4.0 Q, and the 
equivalent resistance of the parallel pair of Ri = R2 = 4.0 Q is Rn= 2.0 Q. Since the 
voltage across R 34 must equal that across R^: 

V 34 =V l2 => i 34 R 34 = ^12^12 — ^ hi = ^h2 

This relation, plus the junction rale condition / =i 12 +/ 34 = 6.00 A leads to the solution 
z 12 = 4.0 A . It is clear by symmetry that \ = i n 12 = 2.00 A . 


79. (a) If Si is closed, and S 2 and S 3 are open, then i a = sl2R\ = 120 V/40.0 Q = 3.00 A. 

(b) If S3 is open while S\ and S 2 remain closed, then 

R sq = R l +R l (Ri + R 2 ) l(2R\ + R 2 ) = 20.0 Q + (20.0 Q) x (30.0 Q)/(50.0 Q) = 32.0 Q, 
so i a = s/R eq = 120 V/32.0 Q = 3.75 A. 

(c) If ali three switches Si, S 2 and S3 are closed, then R eq = Ri+ R\ R7(R\ + R") where 

R' = R 2 + R l (R l + R 2 )I(2R\ + R 2 ) = 22.0 Q, 

i.e., 

R eq = 20.0 Q + (20.0 Q) (22.0 Q)/(20.0 Q + 22.0 Q) = 30.5 Q, 
so i fl = slR eq = 120 V/30.5 Q = 3.94 A. 


80. (a) Reducing the bottom two series resistors to a single R' = 4.00 Q (with current i\ 
through it), we see we can make a path (for use with the loop rule) that passes through R, 
the Sa = 5.00 V battery, the s x = 20.0 V battery, and the s 3 = 5.00 V. This leads to 

. s,+s 3 +s A 20.0 V +5.00 V +5.00 V 30.0 V 

i\ = = = . „ „ = 7.50 A. 

R' 40.0 Q 4.0 Q 


(b) The direction of i\ is leftward. 

(c) The voltage across the bottom series pair is i\R' = 30.0 V. This must be the same as 
the voltage across the two resistors directly above them, one of which has current h 

through it and the other (by symmetry) has current ^ i 2 through it. Therefore, 

30.0 V = i 2 (2.00 Q) + \ h (2.00 Q) 

leads to i 2 = 10.0 A. 

(d) The direction of h is also leftward. 

(e) We use Eq. 27-17: P A = (h + i 2 )s 4 = 87.5 W. 


(f) The energy is being supplied to the circuit since the current is in the "forward" 
direction through the battery. 


81. The bottom two resistors are in parallel, equivalent to a 2.0R resistance. This, then, is 
in series with resistor R on the right, so that their equivalence is R' = 3.0R. Now, near the 
top left are two resistors (2.07? and 4.0R) which are in series, equivalent to R" = 6.0R. 
Finally, R' and R" are in parallel, so the net equivalence is 

Req = = 2-0i? = 20 Q 

where in the final step we use the fact that R = 10 Q. 


82. (a) The four resistors Ri, Ri, R3 and R4 on the left reduce to 

R =R„+R, A = RlRl + ^ 4 =7.0Q+3.0Q=10Q 

eq 12 34 R x + R 2 R 3 +R 4 

With s = 30 V across the current there is z 2 = 3.0 A. 

(b) The three resistors on the right reduce to 

eq 56 7 R 5 +R b 6.0Q + 2.0Q 

With s = 30 V across /? the current there is U = 10 A. 

eq 

(c) By the junction rule, h = h + U = 13 A. 

(d) By symmetry, i 3 = | z 2 = 1.5 A. 

(e) By the loop rule (proceeding clockwise), 

30V-/ 4 (1.5Q)-/ 5 (2.0Q) = 0 

readily yields i 5 = 7.5 A. 


83. (a) We analyze the lower left loop and find h = e^lR = (12.0 V)/(4.00 fi) = 3.00 A. 

(b) The direction of i\ is downward. 

(c) Letting R = 4.00 Q, we apply the loop rule to the tall rectangular loop in the center of 
the figure (proceeding clockwise): 

( i \ 

s 2 +(+i 1 R) + (-i 2 R)+ -±R +(-i 2 R) = 0. 

v 2 ) 

Using the result from part (a), we find h = 1.60 A. 

(d) The direction of h \ s downward (as was assumed in writing the equation as we did). 

(e) Battery 1 is supplying this power since the current is in the "forward" direction 
through the battery. 

(f) We apply Eq. 27-17: The current through thes^ 12.0 V battery is, by the junction 
rule, 3.00 A + 1.60 A = 4.60 A and P = (4.60 A)(12.0 V) = 55.2 W. 

(g) Battery 2 is supplying this power since the current is in the "forward" direction 
through the battery. 

(h) P = i 2 (4.00 V) = 6.40 W. 


84. (a) We reduce the parallel pair of resistors (at the bottom of the figure) to a single R ' 
=1.00 Q resistor and then reduce it with its series 'partner' (at the lower left of the figure) 
to obtain an equivalence of R" = 2.00 Q +1.00Q =3.00 Q. It is clear that the current 
through R " is the i\ we are solving for. Now, we employ the loop rule, choose a path that 
includes R" and ali the batteries (proceeding clockwise). Thus, assuming i\ goes leftward 
through R ", we have 

5.00 V + 20.0 V -10.0 V - i x R " = 0 

which yields i\ = 5.00 A. 

(b) Since i\ is positive, our assumption regarding its direction (leftward) was correct. 

(c) Since the current through the s\ = 20.0 V battery is "forward", battery 1 is supplying 
energy. 

(d) The rate is P x = (5.00 A)(20.0 V) = 100 W. 

(e) Reducing the parallel pair (which are in parallel to the s 2 = 10.0 V battery) to a single 
R' = 1.00 Q resistor (and thus with current V = (10.0 V)/(1.00 fi) = 10.0 A downward 
through it), we see that the current through the battery (by the junction rule) must be i = i 
- i\ = 5.00 A upward (which is the "forward" direction for that battery). Thus, battery 2 is 
supplying energy. 

(f) Using Eq. 27-17, we obtain P 2 = 50.0 W. 

(g) The set of resistors that are in parallel with the £3 = 5 V battery is reduced to R "' = 
0.800 Q (accounting for the fact that two of those resistors are actually reduced in series, 
first, before the parallel reduction is made), which has current V" = (5.00 V)/(0.800 Q) = 
6.25 A downward through it. Thus, the current through the battery (by the junction rule) 
must be i = i\ = 11.25 A upward (which is the "forward" direction for that battery). 
Thus, battery 3 is supplying energy. 


(h) Eq. 27-17 leads to P 3 = 56.3 W. 


85. We denote silicon with subscript s and iron with i. Let T 0 = 20°. If 

R(T) = R s (T) + RXT) = R s (T 0 )[l + a(T-T 0 )] + R i (T 0 )[l + a i (T-T 0 )] 
= (R s (r) () a s + 7?, (r o ) a i ) + (temperature independent tenns) 

is to be temperature-independent, we must require that R/To)a s + R/To)ch = 0. Also note 
that R/To) + R/T 0 ) =R = 1000 Q. We solve for R/T 0 ) and R/T 0 ) to obtain 

, , Ra (lOOOfi) (6.5x1o 3 ) 

r(T 0 ) = -^-=^ ^ /=85.0Q. 

sV 0J a -a. 6.5xl0" 3 +70xl0" 3 


(b) R/Tq) = 1000 Q - 85.0 Q = 915 Q. 


86. Consider the lowest branch with the two resistors R 4 = 3.00 Q and R 5 = 5.00 Q. The 
voltage difference across R 5 is 

v =w= -a- = ( 1MV )( 5J0a ) =7J0 v, 

^+^5 3.00Q+5.00Q 


87. (a) From P = V 2 /R we find V = yfPR = ^/(10W)(0.10Q) = 1.0 V. 


(b) From i = V/R = {s- V)lr we find 


r = R 


V V j 


(0.10Q) 


f 1.5 V- 1.0 V a 

Eõv 


0.050Q. 


88. (a) R eq (AB) = 20.0 Q/3 = 6.67 Q (three 20.0 Q resistors in parallel). 

(b) R eq (AC) = 20.0 Q/3 = 6.67 Q (three 20.0 Q resistors in parallel). 

(c) R eq (BC) - 0 (as B and C are connected by a conducting wire). 


89. When S is open for a long time, the charge on C is q t = siC. When S is closed for a 
long time, the current i in R { and R 2 is 

i = (£2 - £\)I{R\ + i? 2 ) = (3.0 V - 1.0 V)/(0.20 Q + 0.40 Q) = 3.33 A. 

The voltage difference V across the capacitar is then 

V = £2 - iRi = 3.0 V - (3.33 A) (0.40 fi) = 1.67 V. 

Thus the final charge on C is q/ = VC. So the change in the charge on the capacitar is 

Aq = qf- q x , = (V-£ 2 )C= (1.67 V- 3.0 V) (10 ftF) = - 13 juC. 


90. From V a - E\ = V c - ir\ - iR and i = (s\- £Í)I(R + n + ri), we get 


V a -V c =e l -i(r 1 +R) = e l - 


V 


R + r x +r 2j 


(r 1 + R) 


= 4.4V- 
= 2.5V. 


4.4V-2.1V 
5.5Q + 1.8Q + 2.3Q 


(2.3Q + 5.5Q) 


91. The potential difference across R 2 is 


V 2 =iR 2 


(12V)(4.0Q) 


R l +R 2 +R 3 3.0Q + 4.0Q + 5.0Q 


= 4.0V. 


92. The current in the ammeter is given by 

i A = s/(r + Ri+ R 2 + R A ). 

The current in Ri and R 2 without the ammeter is i = al(r + R\ + R 2 ). The percent error is 
then 

Ai_i-i a r + R^R 2 R A O.lOn 

i~ i ~ r + R { +R 2 +R A ~ r + R l +R 2 + R A ~ 2.0Q + 5.0Q + 4.0Q + 0.10Q 

= 0.90%. 


93. The maximum power output is (120 V)(15 A) = 1800 W. Since 1800 W/500 W 
the maximum number of 500 W lamps allowed is 3. 


94. In the steady state situation, there is no current going to the capacitors, so the resistors 
ali have the same current. By the loop rule, 


20.0 V = (5.00 fi)i + (10.0 fi)i + (15.0 fi)i 

2 

which yields i = 3 A. Consequently, the voltage across the Ri = 5.00 Q resistor is (5.00 

Q)(2/3 A) = 10/3 V, and is equal to the voltage V x across the Ci = 5.00 uF capacitar. 
Using Eq. 26-22, we find the stored energy on that capacitar: 


U. = — C,V, 2 = — (5.00xl0~ 6 F) 
1 2 1 1 2 


V3 j 


= 2.78 x 10" 5 J 


Similarly, the voltage across the R 2 = 10.0 Q resistor is (10.0 Q)(2/3 A) = 20/3 V and is 
equal to the voltage V2 across the C2 = 10.0 uF capacitar. Hence, 


u i =\ C 2 V i =|(10.0xl0" 6 F) 


20 Y 

yVj =2.22xl0~ 5 J 


Therefore, the total capacitar energy is U\ + U2 = 2.50 x 10 J 


95. (a) The charge q on the capacitar as a function of time is q(t) = (sC)(l - e ), so the 
charging current is i(t) = dqldt = (s/R)e tlRC . The energy supplied by the emf is then 

2 

U = f x d dt = — f" e' lRC dt = Cs 2 = 2U C 

where U c = ^ C^ 2 is the energy stored in the capacitar, 
(b) By directly integrating i 2 R we obtain 

U R =Fi 2 Rdt = — r e- 2 " RC dt = -Cs 2 . 

R Jo R Jo O 


96. When connected in series, the rate at which electric energy dissipates is P s = ^l{R\ + 
R 2 ). When connected in parallel, the corresponding rate is P p = e?(R\ + R 2 )IR\R 2 . Letting 
Pp/P s = 5, we get (R 1 + R 2 ) 2 /RiR 2 = 5, where R 1 = 100 Q. We solve for R 2 : R 2 = 3SQ or 
260 Q. 

(a) Thus, the smaller value of R 2 is 38 Q. 

(b) The larger value of R 2 is 260 Q. 


97. (a) The capacitor is initially uncharged, which implies (by the loop rule) that there is 
zero voltage (at t = 0) across the R2 = 10 kQ resistor, and that 30 V is across the R\ =20 
kQ resistor. Therefore, by Ohm;s law, i 10 = (30 V)/(20 kQ) = 1.5 x 10 3 A. 

(b) Similarly, z' 2 o = 0. 

(c) As t — > 00 the current to the capacitor reduces to zero and the 20 kQ and 10 kQ 
resistors behave more like a series pair (having the same current), equivalent to 30 kQ. 
The current through them, then, at long times, is 


i = (30 V)/(30 kQ) = 1.0 x 10" 3 A. 


98. Using the junction and the loop rules, we have 


20.0-^-^3=0 
20.0-/^ -/ 2 tf 2 -50 = 0 


l 2 + Í3 ly 


Requiring no current through the battery 1 means that i\= 0, or / 2 = z'3. Solving the above 
equations with R { =10.0Q and R 2 =20.0Q , we obtain 


• 40-3i?3 n n 40 

L = ^ = 0 => R,= — = 13.3Q 

1 20+3i?3 3 3 


99. With the unit Q understood, the equivalent resistance for this circuit is 



20^3+100 

#3+10 


Therefore, the power supplied by the battery (equal to the power dissipated in the 
resistors) is 


where V = 12 V. We attempt to extremize the expression by working through the dPldR 3 
= 0 condition and do not find a value of i? 3 that satisfies it. 

(a) We note, then, that the function is a monotonically decreasing function of R 3 , with R 3 
= 0 giving the maximum possible value (since R 3 < 0 values are not being allowed). 

(b) With the value R 3 = 0, we obtain P = 14.4 W. 


P = 



20i? 3 +100 


i? 3 +10 


100. (a) From symmetry we see that the current through the top set of batteries (z) is the 
same as the current through the second set. This implies that the current through the R = 
4.0 Q resistor at the bottom is Ír = 2i. Thus, with r denoting the internai resistance of each 
battery (equal to 4.0 Q) and a denoting the 20 V emf, we consider one loop equation (the 
outer loop), proceeding counterclockwise: 

3(s-ir)-(2i)R = 0. 
This yields i = 3.0 A. Consequently, i R = 6.0 A. 

(b) The terminal voltage of each battery is s- ir = 8.0 V. 

(c) Using Eq. 27-17, we obtain P = is= (3)(20) = 60 W. 


(d) Using Eq. 26-27, we have P = i 2 r = 36 W. 


101. When ali the batteries are connected in parallel, each supplies a current i; thus, i R = 
Ni. Then from s= ir + i R R = ir + Nir, we get i R = Ns/[(N + l)r]. When ali the batteries 
are connected in series, i r = i R and 

£totai = Ns= Ni r r + i R R = Ni R r + i R r, 


so i R = Ns/[(N+ l)r\. 


102. (a) Here we denote the battery emf as V. See Fig. 27-4(a): W = V -ir. 

(b) Doing a least squares fit for the Vj versus i values listed, we obtain 

V T = 13.61 -0.0599/ 

which implies V= 13.6 V. 

(c) It also implies the internai resistance is 0.060 Q. 


103. (a) The loop rule (proceeding counterclockwise around the right loop) leads to £2 - 
i\Ri = 0 (where i\ was assumed downward). This yields i\ = 0.0600 A. 

(b) The direction of i\ is downward. 

(c) The loop rule (counterclockwise around the left loop) gives 

(+s l ) + (+i 1 R 1 )+(-i 2 R 2 ) = 0 
where i 2 has been assumed leftward. This yields i 3 = 0.180 A. 

(d) A positive value of z 3 implies that our assumption on the direction is correct, i.e., it 
flows leftward. 

(e) The junction rule tells us that the current through the 12 V battery is 0.180 + 0.0600 = 
0.240 A. 

(f) The direction is upward. 


2 

104. (a) Since P = s /R eq , the higher the power rating the smaller the value of R sq . To 
achieve this, we can let the low position connect to the larger resistance (Ri), middle 
position connect to the smaller resistance (R 2 ), and the high position connect to both of 
them in parallel. 

(b) For P = 300 W, R eq = RiR 2 /(Ri + Ri) = (144 Q)i? 2 /(144 Q + R 2 ) = (120 V) 2 /(300 W). 
We obtain R 2 = 72 Q. 


(c) For P = 100 W, R eq = R l = s 2 IP = (120 V) 2 /100 W = 144 Q; 


105. (a) The six resistors to the left of S\ = 16 V battery can be reduced to a single resistor 
R = 8.0 Q, through which the current must be Ír = S\IR = 2.0 A. Now, by the loop rule, 
the current through the 3.0 Q and 1.0 Q resistors at the upper right corner is 

., = 16.0V-8.0V = 20A 
3.0Q + 1.0Q 

in a direction that is "backward" relative to the £2 = 8.0 V battery. Thus, by the junction 
rule, 

íj =i R +V =4.0 A . 

(b) The direction of z'i is upward (that is, in the "forward" direction relative to S\). 

(c) The current h derives from a succession of symmetric splittings of i R (reversing the 
procedure of reducing those six resistors to find R in part (a)). We find 

«2=^/^ = 0. 50A. 

(d) The direction of z'2 is clearly downward. 

(e) Using our conclusion from part (a) in Eq. 27-17, we have 

p = i l£l = (4.0 A)(16 V) = 64 W. 

(f) Using results from part (a) in Eq. 27-17, we obtain P = i's 2 = (2.0 A)(8.0 V) = 16 W. 

(g) Energy is being supplied in battery 1. 

(h) Energy is being absorbed in battery 2. 


106. (a) R 2 and R 3 are in parallel; their equivalence is in series with R\. Therefore, 


R =R + L^ = 300Q. 

R 2 +R 3 

(b) The current through the battery is s/R eq = 0.0200 A, which is also the current through 
Ri. Hence, the voltage across R { is V v = (0.0200 A)(100 Q) = 2.00 V. 

(c) From the loop rule, 

ff-Vi-iji^ = 0 

which yields z 3 = 6.67 x IO 3 A. 


107. (a) By symmetry, we see that h is half the current that goes through the battery. The 
battery current is found by dividing s by the equivalent resistance of the circuit, which is 
easily found to be 6.00 Q. Thus, 


1 


1 


h 2 *ba, 2 


12V 
6.0Q 


= 1.00 A 


and is clearly downward (in the figure). 


(b) We use Eq. 27-17: P = i bat £= 24.0 W. 


108. (a) Dividing Eq. 27-39 by capacitance turns it into an equation that describes the 
dependence of the voltage on time: V c = V 0 e ~' lT ; 

(b) Taking logarithms of this equation produces a forni amenable to a least squares fit: 

in(y c ) = - i í + in(y 0 ) 

x 

In(V c ) = -1.2994 t + 2.525 
Thus, we have the emf equal to V 0 = e 2 525 = 12.49 V « 12 V ; 

(c) This also tells us that the time constant is x = 1/1.2994 = 0.77 s. 

(d) Since x = RC then we find C = 3.8 uR 


109. Here we denote the supply emf as V (understood to be in volts). The situation is 
much like that shown in Fig. 27-4, with r now interpreted as the resistance of the 
transmission line and R interpreted as the resistance of the "consumer" (the reason the 
circuit has been turned on in the first place - to supply power to some resistive load R). 
From Eq. 27-4 and Eq. 26-27 (remembering that we are asked to find the power 
dissipated in the transmission Une) we obtain 


P = 

1 line 


( V 
K R + r 


r . 


Now r is considered constant, certainly, but what about RI The load will not be the same 
in the two cases (where V = 110000 and V =110) because the problem requires us to 
consider the total power supplied to be constant, so 


P = P' 

1 total 1 total 


V 


R + r 


which implies 


1 = 


V 2 (R' + r) 
V' 2 (R + r) 


(R + r) = 


R + r 


V 


R' + r 


(R' + r) 


R' + r V 


Now, as the problem directs, we take ratio of P\i ne to P li ne and obtain 


V 2 (R' + r) 2 V 1 


V 


p 

1 line 

PL V' 2 (R + r) 2 


(V'Y 


v_ 


12 


= 1.00x10 


110. The power delivered by the motor is P = (2.00 V)(0.500 m/s) = 1.00 W. From P = 
J^motor and s = i(r + i? mo tor) we then find ir -is + P = 0 (which also follows directly from 
the conservation of energy principie). We solve for i: 


The answer is either 3.41 A or 0.586 A. 

(a) The larger i is 3.41 A. 

(b) We use V = s-ir= 2.00 V - z'(0.500 Q). We substitute value of / obtained in part (a) 
into the above formula to get V = 0.293 V. 

(c) The smaller i is 0.586 A. 

(d) The corresponding Vis 1.71 V. 



111. (a) Placing a wire (of resistance r) with current i running directly from point a to 
point b in Fig. 27-61 divides the top of the picture into a left and a right triangle. If we 
label the currents through each resistor with the corresponding subscripts (for instance, i s 
goes toward the lower right through R s and i x goes toward the upper right through R x ), 
then the currents must be related as follows: 

*.+ Í = Í x ' h+k=h 

where the last relation is not independent of the previous three. The loop equations for the 
two triangles and also for the bottom loop (containing the battery and point b) lead to 

i s R s -i x R x -ir = 0 

h R s -K R x - ir = ç > 

£-i 0 R 0 -i s R s -i x R x =0. 

We incorporate the current relations from above into these loop equations in order to 
obtain three well-posed "simultaneous" equations, for three unknown currents (i s , i\ and 

0: 

i s R s -Zji?! -ir = 0 
i x R 2 - i s R s - i(r + R x +R 2 ) = 0 

£-iÁ R o + R s +K)-hRo-iR. = o 

The problem statement further specifies Ri = R 2 = R and Ro = 0, which causes our 
solution for i to simplify significantly. It becomes 

2rR s + 2R X R S + R S R + 2rR x + R X R 
which is equivalent to the result shown in the problem statement. 

(b) Examining the numerator of our final result in part (a), we see that the condition for i 
= 0 is R s = R x . Since R\=R 2 = R, this is equivalent to R x = R s Ri/Ri. 


1 . (a) The force on the electron is 

F B = qv x B = q ( v J + v y j) x (fij + B y j) = q(v x B y - v y B x ) k 

= (-1.6x10 ^C)[(2.0xl0 6 m/s)(-0.15T)-(3.0xl0 6 m/s)(0.030T) 
= (6.2xlO" 14 N)k. 

Thus, the magnitude of F B is 6.2 x IO 14 N, and F B points in the positive z direction. 

(b) This amounts to repeating the above computation with a change in the sign in the 
charge. Thus, F B has the same magnitude but points in the negative z direction, namely, 

F B =-(6.2xl(T 14 N)k. 


2. (a) We use Eq. 28-3: 

F B = \q\ vB sin </>=(+ 3.2 x IO" 19 C) (550 m/s) (0.045 T) (sin 52°) = 6.2 x IO" 18 N. 

(b) a = F B /m = (6.2 x 10" 18 N) / (6.6 x 10 27 kg) = 9.5 x IO 8 m/s 2 . 

(c) Since it is perpendicular to v,F B does not do any work on the particle. Thus from the 
work-energy theorem both the kinetic energy and the speed of the particle remain 
unchanged. 


3. (a) Eq. 28-3 leads to 

Fo 6.50 x 1(T 17 N Ann tnS 

v = — = -. -— — = 4.00xl0 5 

eBsin0 (l.60x 10~ 19 C)(2.60x l(r 3 T)sin23.0° 

(b) The kinetic energy of the proton is 

K = —mv 2 = — (l.67x!0~ 27 kg)(4.00xl0 5 m/s) 2 = 1.34xl0~ 16 


whichis equivalent to K = (1.34 x 10" 16 J) / (1.60 x 10" 19 J/e V) = 835 eV. 


4. The force associated with the magnetic field must point in the j direction in order to 
cancel the force of gravity in the -j direction. By the right-hand rule, B points in the 
-k direction (sincei x l-k] = j ). Note that the charge is positive; also note that we need 

to assume B y = 0. The magnitude \B Z \ is given by Eq. 28-3 (with <j>= 90°). Therefore, with 
m = 1.0xlCT 2 kg, v = 2.0xl0 4 m/s and q = 8.0xlCT 5 C, we find 


( 


mg 


B=Bk=- 


k = (-0.061 T)k 


5. Using Eq. 28-2 and Eq. 3-30, we obtain 

F = q(v x B y -v y B x )i = q(v x {3B X )-v y B x )Í 


where we use the fact that B y = 3B X . Since the force (at the instant considered) is F z k 
where F z = 6.4 x 1CT 19 N, then we are led to the condition 

q(3v x -v y )B x =F z => />', - - 


q 


Substituting v x = 2.0 m/s, v y = 4.0 m/s and q = -1.6 x 10 19 C, we obtain 


F 6.4x10 19 N 


5 = « = ^ = -2.0T. 


q(3v x -vj (-1 .6 x 10" 19 C)[3(2.0 m/s) - 4.0 m] 


6. The magnetic force on the proton is 

F = qv x B 

where q = +e . Using Eq. 3-30 this becomes 

(4 x IO" 17 )i + (2 x 10 17 )j = e[(0.Q3v y + 40)i + (20 - 0.03v^)j - (0.02v x + 0.01v v )k] 
with SI units understood. Equating corresponding components, we find 

(a) v x = -3.5xl0 3 m/s, and 

(b) v y = 7. 0x1 0 3 m/s. 


7. Straight line motion will result from zero net force acting on the system; we ignore 


gravity. Thus, F = q(Ê + vxÉ) = 0. Note that vlB so 
speed from the formula for kinetic energy, we obtain 


vxB 


= vB . Thus, obtaining the 


100V/(20xl(r 3 m) 


pK/m e ^2(l.0xl0 3 V) (l.60xl(T 19 C)/(9.11xi(r 31 kg) 


= 2.67xl(T 4 T. 


In unit-vector notation, B = -(2.67x10 4 T)k . 


8. Letting F = q[É + v x B^j = O , we get vBsin0 = E . We note that (for given values of 

the fields) this gives a minimum value for speed whenever the sin </> factor is at its 
maximum value (which is 1, corresponding to <p = 90°). So 

E 1.50xl0 3 V/m 0 ^ in3 , 
v„ : „ = — = = 3.75xl0 3 m/s. 


min 


B 0.400 T 


9. We apply F = q[É + v x B ) = m e a to solve for É 


r m e a , 5 - 
£ = — ^ + B x v 


<7 

(9.11xl0- 31 kg)(2.00xl0 12 m/s 2 )i 

= " - L6 0 xl0- 19 C + (4 ° 0//T)Í X [( 12 -° km / S ) j + ( 15 - 0km /s)k] 

= (-1 1.4i - 6.00 j + 4.80k) V/m. 


10. (a) The net force on the proton is given by 


F = F E + F B = qÉ + qvxB = (l.60xlO" 19 C)r(4.00V/m)k+(2000m/s) jx(-2.50xl0" 3 T 
= (l.44xl(T 18 N)k. 


(b) In this case 


F = F E + F B = qÉ + qv x B 

= (l .60 x 10" I9 C) [(-4.00 V/m) k + ( 2000 m/s) j x (-2.50 mT) i 

= (l.60x!0" 19 N)k. 


(c) In the final case, 


F = F E + F B = qÉ + qv x B 

= (l.60xl0" 19 C)[(4.00V/m)i+(2000m/s)jx(-2.50mT)i 

= (6.41xlO" 19 N)i+(8.01xlO" 19 N)k. 


11. Since the total force given by F = e(É + v x B^j vanishes, the electric field É must be 

perpendicular to both the particle velocity v and the magnetic field B . The magnetic 
field is perpendicular to the velocity, so v x B has magnitude vB and the magnitude of 
the electric field is given by E = vB. Since the particle has charge e and is accelerated 

through a potential difference V , mv /2 = eV and v = ^V~j m. Thus, 


ÍÕ^V 2(1.60x10 - 19 C)(l0xl0 3 v) 

E = bJ— = (í.2T) U -. ^ , ^=6.8xl0 5 V/m. 

U 1 >V 9.99xl0- 27 kg 1 


12. (a) The force due to the electric field (F = qE) is distinguished from that associated 

with the magnetic field (F = qvxB) in that the latter vanishes at the speed is zero and 
the former is independent of speed. The graph (Fig. 28-36) shows that the force (y- 
component) is negative at v = 0 (specifically, its value is -2.0 x 1CT 19 N there) which 
(because q = -e) implies that the electric field points in the +y direction. Its magnitude is 

E = ^ = 2XM0^N =125N/c = 125v/m 
\q\ 1.6xl(T 19 C 

(b) We are told that the x and z components of the force remain zero throughout the 
motion, implying that the electron continues to move along the x axis, even though 
magnetic forces generally cause the paths of charged particles to curve (Fig. 28-11). The 
exception to this is discussed in section 28-3, where the forces due to the electric and 
magnetic fields cancel. This implies (Eq. 28-7) B = Elv = 2.50 x 10 2 T. 

For F = qv x B to be in the opposite direction of F = qE we must have vxfi in the 

opposite direction from E which points in the +y direction, as discussed in part (a). 
Since the velocity is in the +x direction, then (using the right-hand rule) we conclude that 

A A A 

the magnetic field must point in the +z direction ( i x k = -j ). In unit- vector notation, we 
have 5 = (2.50xl0" 2 T)k . 


13. We use Eq. 28-12 to solve for V: 
iB__ ( 

nle ~ (8.47xl0 2 7m 3 )(l50//m)(l.6xl(T 19 C) 


iB (23A)(0.65T) , 

V = — = -, } , A 1 _ = 7.4xl(T 6 V. 


14. For a free charge q inside the metal strip with velocity v we have F = q[É + v x B ) 

We set this force equal to zero and use the relation between (uniform) electric field and 
potential difference. Thus, 

E k-vJ/d^ (3.90 x IO" 9 V) 

v = -= l — 2dZ_J2L= ^— — í — = 0.382m/s. 

B B (l.20xl0" 3 T)(0.850xl0" 2 m) 


15. (a) We seek the electrostatic field established by the separation of charges (brought on 
by the magnetic force). With Eq. 28-10, we define the magnitude of the electric field as 

\É\=v\B\=( 20.0 m/s) (0.030 T) = 0.600 V/m . 

Its direction may be inferred from Figure 28-8; its direction is opposite to that defined by 
v x B .In summary, 

Ê = -(0.600 v/m)k 
which insures that F = q(É + v x É) vanishes. 


(b) Eq. 28-9 yields V = Ed =(0.600 V/m)(2.00 m) = 1.20 V . 


16. We note that Ê must be along the x axis because when the velocity is along that axis 
there is no induced voltage. Combining Eq. 28-7 and Eq. 28-9 leads to 


i= v — v - 

E vB 

where one must interpret the symbols carefully to ensure that d, v and B are mutually 
perpendicular. Thus, when the velocity if parallel to the y axis the absolute value of the 
voltage (which is considered in the same "direction" as d ) is 0.012 V, and 

, , 0.012 V 

d=d 7 = = 0.20 m. 

z (3.0 m/s)(0.020 T) 

On the other hand, when the velocity if parallel to the z-axis the absolute value of the 
appropriate voltage is 0.018 V, and 

, , 0.018 V 

d = d = = 0.30 m. 

y (3.0m/s)(0.020T) 

Thus, our answers are 

(a) d x = 25 cm (which we arrive at "by elimination" - since we already have figured out 
d y and d z ), 

(b) d y = 30 cm, and 


(c) d z = 20 cm . 


17. (a) From K = — m e v we g et 


2K 


V 


2(1.20 x 10 3 eV) (1.60 x 1(T 19 eV/j) 


9.11x10 31 kg 


= 2.05 x IO 7 m/s. 


(b) From r = m e v / qB we get 


mv (9.11xl0" 31 kg)(2.05xl0 7 m/s) 
£ = — = ^ -V = 4.67xlO~ 4 T. 


qr (1.60x10 19 C) (25.0 x IO" 2 m) 


(c) The "orbital" frequency is 


j_ = 207xl0' m/s 3ixi0 , Hz 
2;rr 27r(25.0xl0" 2 m) 


(d) T= 1//= (1.31 x IO 7 Hz) 1 = 7.63 x IO" 8 s. 


18. (a) The accelerating process may be seen as a conversion of potential energy eV into 

1 , 

kinetic energy. Since it starts from rest, — my = eV and 


v = 


2eV 


m„ 


i 


2(1.60x10 19 C)(350V) 
P ^=l.llxl0 7 


9.11x10 âí kg 


m 


L /s. 


(b) Eq. 28-16 gives 


my 


r = 


(9.11x10 - 31 kg)(l.llxl0 7 m/s) 

A ' =3.16x10 4 m. 


eB (i.60x10~ 19 C)(200x10~ 3 t) 


19. FromEq. 28-16, we find 


20. Using Eq. 28-16, the radius of the circular path is 

mv 

~ qB ~ qB 

2 2 

where K = mv 12 is the kinetic energy of the particle. Thus, we see that K = (rqByilm 

— 2-1 

oc q m . 

(a) K a =(q a /q p f(m p /m a )K p ={2) 2 (l/4)K p =*,=1.0MeV; 

(b) ^ ^qJqJfa/mjK, =(l) 2 (l/2)^ =1.0 MeV/2 = 0.50MeV. 


21. (a) The frequency of revolution is 

Ba Í35.0xl(T 6 T) (1.60x10 ~ 19 C) 

/ = = ± - t >[ - r '- = 9.78 x 10 5 Hz. 

2nm e 27r(9.11xl0" 31 kg) 

(b) Using Eq. 28-16, we obtain 

mv Jl^K J2(9.1 1 x IO 31 kg)(100eV)(l.60 x IO" 19 J/eV) 

r = — — = — = — = 0 964 m 

qB qB (l.60 x 10 19 C)(35.0 x ÍO^T) 


22. Combining Eq. 28-16 with energy conservation (eV = ~^ m e v in this particular 
application) leads to the expression 

m e 2eV 
r ~eB \j m e 

which suggests that the slope of the r versus graph should be ^2m e I eB 2 . From Fig. 

28-39, we estimate the slope to be 5 x l(T 5 in SI units. Setting this equal to ^jlmj eB 2 
and solving we find B = 6.7 x 10 T. 


23. Let £, stand for the ratio (m / 1 g I) we wish to solve for. Then Eq. 28-17 can be written 

as T = InZJB. Noting that the horizontal axis of the graph (Fig. 28-40) is inverse-field 
(1/5) then we conclude (from our previous expression) that the slope of the line in the 
graph must be equal to 2n£,. We estimate that slope as 7.5 x 1CT 9 T s, which implies 


^ = m/ 1 ^ I = 1.2x10 9 kg/C. 


24. With the B pointing "out of the page," we evaluate the force (using the right-hand 
rule) at, say, the dot shown on the left edge of the particle's path, where its velocity is 
down. If the particle were positively charged, then the force at the dot would be toward 
the left, which is at odds with the figure (showing it being bent towards the right). 
Therefore, the particle is negatively charged; it is an electron. 

(a) Using Eq. 28-3 (with angle ^equal to 90°), we obtain 

v = -^ = 4.99xl0 6 m/s. 
e\B\ 1 

(b) Using either Eq. 28-14 or Eq. 28-16, we find r = 0.00710 m. 

(c) Using Eq. 28-17 (in either its first or last form) readily yields T= 8.93 x 10" s. 


25. (a) Using Eq. 28-16, we obtain 

rqB 2eB 2(4.50 x 1CT 2 m)(l.60 x IO 19 C)(l.20T) 


v = 


m a 4.00 u (4.00u)(l.66 x IO" 27 kg/u) 


= 2.60 x IO 6 m/s 


(b) T=2nr/v = 2tt(4.50 x IO" 2 m)/(2.60 x IO 6 m/s) = 1.09 x IO" 7 s. 

(c) The kinetic energy of the alpha particle is 

1 , (4.00u)(l.66xl0" 27 kg/u)(2.60xl0 6 m/s) 2 

K = -m a v 2 = ± ^ -. *V . '-L = 1.40 x 10 eV 

2 2(1.60 x IO" 19 J/eV) 


(d) AV = K/q = 1.40 x IO 5 eV/2e = 7.00 x IO 4 V. 


26. Using F = mv 2 Ir (for the centripetal force) and K = mv 2 /2, we can easily derive 
the relation 

K = \ F r. 


With the values given in the problem, we thus obtain K = 2.09 x 10 J. 


27. Reference to Fig. 28-11 is very useful for interpreting this problem. The distance 
traveled parallel to È is d\\= v\\T = v\\(2nm e /\q\B) using Eq. 28-17. Thus, 


d\\ e B 

vii = ~~z = 50.3 km/s 
2 tz m e 

using the values given in this problem. Also, since the magnetic force is \q\Bv±, then we 

vj_ + V|| = 65.3 km/s. 


28. We consider the point at which it enters the field-filled region, velocity vector 
pointing downward. The field points out of the page so that v x B points leftward, which 
indeed seems to be the direction it is "pushed"; therefore, q > 0 (it is a proton). 

(a) Eq. 28-17 becomes T = 2nm I e I B I , or 


, uN 27r(l.67xlCT 27 ) 

2 130xlCT 9 ) = T -^ -.-4 

V ; (1.60x10^)151 


which yields B = 0.252 T. 


(b) Doubling the kinetic energy implies multiplying the speed by V2 . Since the period T 
does not depend on speed, then it remains the same (even though the radius increases by a 
factor of V2~ ). Thus, t=T/2= 130 ns. 


29. (a) If v is the speed of the positron then v sin </> is the component of its velocity in the 
plane that is perpendicular to the magnetic field. Here 0 is the angle between the velocity 
and the field (89°). Newton' s second law yields eBv sin (j>= m e (v sin (/)) Ir, where r is the 
radius of the orbit. Thus r = (m e v/eB) sin </). The period is given by 

T _ 2nr _ 2nm e _ 2^9.11x10^) _^ 
vsin^ eB (l.60xl0 19 C)(0.100T) 

The equation for r is substituted to obtain the second expression for T. 

(b) The pitch is the distance traveled along the line of the magnetic field in a time interval 
of one period. Thus p = vTcos </>. We use the kinetic energy to find the speed: K = \m e v 2 
means 


v = 


Í2K 2(2.00xl0 3 eV)(l.60xl(T 19 J/eV) 

— = , M L '—L = 2.65 x IO 7 m/s 

' m e V 9.11xlCT 31 kg 1 


Thus, 


p = (2.65x IO 7 m/s)(3.58x IO" 10 s)cos 89° = 1.66x MT* m 
(c) The orbit radius is 


,v sin (j) (9. 1 1 x 10 31 kg) ( 2.65 x IO 7 m/s) sin 89° 
eB ~ (1.60x10 - 19 C) (0.100 T) 


30. (a) Eq. 3-20 gives (j> = cos _1 (2/19) = 84°. 

(b) No, the magnetic field can only change the direction of motion of a free 
(unconstrained) particle, not its speed or its kinetic energy. 

(c) No, as reference to to Fig. 28-1 1 should make clear. 

(d) We find Vj_= v sin <p = 61.3 m/s, so r = mv±/eB = 5.7 nm. 


31. (a) We solve for B from m = B 2 qx 2 /SV (see Sample Problem 28-3) 


B = 


8Vm 


qx 


We evaluate this expression using x = 2.00 m: 


B = 


í 


8(100 x IO 3 V)(3.92 x IO" 25 kg) 


(3.20x10 19 C)(2.00m) 


= 0.495 T 


(b) Let N be the number of ions that are separated by the machine per unit time. The 
current is i = qN and the mass that is separated per unit time is M = mN, where m is the 
mass of a single ion. M has the value 

M= 100xl0-' kg=278xlo _ ikg/s 


3600 s 


Since ./V = Mim we have 


i = 


q M (3.20 xl0- 19 C)(2.78xl0~ 8 kg/s) 


= 2.27 x 10~ 2 A 


m 


3.92 x IO" 25 kg 


(c) Each ion deposits energy qV in the cup, so the energy deposited in time Aí is given by 


E = NqV At = l -^-At = iV At 

q 


For Aí = 1.0 h, 


E = (2.27 x IO" 2 A)(100 x IO 3 V)(3600s) = 8.17 x IO 6 J 


To obtain the second expression, i/q is substituted for N. 


32. Eq. 28-17 gives T = 2nm e /eB. Thus, the total time is 


T 

2A 


nm e ( 1 1 

~ + _ 


e \B\ B 


+ t 


gap ■ 


The time spent in the gap (which is where the electron is accelerating in accordance with 
Eq. 2-15) requires a few steps to figure out: letting t = í gap then we want to solve 


1 2 

a = vJ + — at 


0.25 m = 



1 





2 

K m e d) 


for t. We find in this way that the time spent in the gap is t « 6 ns. Thus, the total time is 
8.7 ns. 


33. Each of the two particles will move in the same circular path, initially going in the 
opposite direction. After traveling half of the circular path they will collide. Therefore, 
using Eq. 28-17, the time is given by 


34. LetVn = vcos 6 . The electron will proceed with a uniform speed v, in the direction of 

B while undergoing uniform circular motion with frequency / in the direction 
perpendicular to B: f = eB/2nm e . The distance d is then 

v„ (vcos6>)2nm 2tt(1.5x10 7 m/s)(9.11xl0- 31 kg)(cosl0°) 

d=v,T = - = ± e - = — ^ -, A w ¥\ ^ = 0.53m. 

/ eB (l.60xl(T 19 C)(l.0xl(r 3 T) 


35. We approximate the total distance by the number of revolutions times the 
circumference of the orbit corresponding to the average energy. This should be a good 
approximation since the deuteron receives the same energy each revolution and its period 
does not depend on its energy. The deuteron accelerates twice in each cycle, and each 
time it receives an energy of qV = 80 x 10 3 eV. Since its final energy is 16.6 MeV, the 
number of revolutions it makes is 

16.6xl0 6 eV tnA 

n = — — - = 104 . 

2(80xl0 3 eV) 

Its average energy during the accelerating process is 8.3 MeV. The radius of the orbit is 
given by r = mv/qB, where v is the deuteron' s speed. Since this is given by v = ^IK/m , 
the radius is 


m 2K 1 


r = 


qB V m qB 

For the average energy 


^2(8.3 x IO 6 eV)(l.60 x IO" 19 J/eV)(3.34 x 10~ 27 kg) 

= 1 ; = 0.375m 

(l.60 x 10 C)(1.57T) 


The total distance traveled is about 


nlnr = (104)(2n)(0.375) = 2.4 x IO 2 m. 


36. (a) Using Eq. 28-23 and Eq. 28-18, we find 


= ^ = (1.60X10-^C)(1.20T) = 
° sc 2nm p 27r(l.67xl0- 27 kg) 


(b) From r = m p v jqB = ^2m p k jqB we have 


(rqB) 2 r(0.500m)(l.60xl0 19 C)(l.20T)l 

K = y ' =±- — — — = 1 72x10 eV 

2m 2(l.67xlCT 27 kg)(l.60xlCr 19 J/eV) 


37. (a) By conservation of energy (using qV for the potential energy which is converted 
into kinetic form) the kinetic energy gained in each pass is 200 eV. 

(b) Multiplying the part (a) result by n = 100 gives AK = n(200 eV) = 20.0 keV. 

(c) Combining Eq. 28-16 with the kinetic energy relation (n(200 eV) = m p v 12 in this 
particular application) leads to the expression 


which shows that r is proportional to sjn . Thus, the percent increase defined in the 
problem in going from n = 100 to n = 101 is ^101/100 - 1 = 0.00499 or 0.499%. 



38. (a) The magnitude of the field required to achieve resonance is 


2nfm 2tt(12.0x10 6 Hz) (l. 67 x 1CT 27 kg) 

B = — — p - = ^- = 0.787T. 

q 1.60xlO _19 C 

(b) The kinetic energy is given by 

^ = i mv 2 =i m (27ri?/') 2 =|(l.67xl0" 27 kg)4^ 2 (0.530 m) 2 (12.0xl0 6 Hz) 2 
= 1.33xl(T 12 J = 8.34xl0 6 eV. 

(c) The required frequency is 

a B (l.60xl(T 19 C)(l.57T) 

f = -^- = \ -. i\ r i = 2.39xl0 7 Hz. 

2Km p 27t(l.67xl(T 27 kg) 

(d) The kinetic energy is given by 

^ = l mv 2 =I m (27ri?/-) 2 =|(l.67xl0" 27 kg)4^ 2 (0.530 m) 2 (2.39xl0 7 Hz) 2 
= 5.3069xlCT 12 J = 3.32xl0 7 eV. 


39. (a) The magnetic force on the wire must be upward and have a magnitude equal to the 
gravitational force mg on the wire. Since the field and the current are perpendicular to 
each other the magnitude of the magnetic force is given by Fb = iLB, where L is the 
length of the wire. Thus, 

ms (0.0130kg)(9.8m/s 2 ) 

iLB = mg => i = ^= y - ^\ ^! = o.467 A. 

LB (0.620m)(0.440T) 


(b) Applying the right-hand rule reveals that the current must be from left to right. 


40. (a) From symmetry, we conclude that any ^-component of force will vanish 
(evaluated over the entirety of the bent wire as shown). By the right-hand rule, a field in 

the k direction produces on each part of the bent wire a v-component of force pointing in 

the-j direction; each of these components has magnitude 

\F y \ = U\B\ sin 30° = (2.0 A)(2.0 m)(4.0 T) sin 30° = 8 N . 
Therefore, the force on the wire shown in the figure is ( — 16 j) N . 

(b) The force exerted on the left half of the bent wire points in the -k direction, by the 

right-hand rule, and the force exerted on the right half of the wire points in the +k 

direction. It is clear that the magnitude of each force is equal, so that the force (evaluated 
over the entirety of the bent wire as shown) must necessarily vanish. 


41. (a) The magnitude of the magnetic force on the wire is given by F B = iLB sin <p, 
where i is the current in the wire, L is the length of the wire, B is the magnitude of the 
magnetic field, and </> is the angle between the current and the field. In this case </> = 70°. 
Thus, 

F B = (5000A)(l00m)(60.0x IO" 6 T) sin 70°= 28.2 N . 

(b) We apply the right-hand rule to the vector product F B =iLx B to show that the force 
is to the west. 


42. The magnetic force on the (straight) wire is 

F B =ífíLsin0 = (l3.OA) (1.50T) (l.80m) (sin 35.0°) = 20.1N. 


43. The magnetic force on the wire is 

F B = iLx B = iLix(BJ + B z k) = ih [-BJ + B y k) 

= (0.500A) (0.500m) [-(0.0100T) j+(0.00300T)k 
= (-2.50x IO" 3 j +0.750x 1(T 3 k) N. 


44. (a) The magnetic force on the wire is F B = idB, pointing to the left. Thus 

v _^_F/_ /J^ _ (9.13xl0' 3 A)(2.56xl0' 2 m)(5.63xl0' 2 T)(0.0611s) 
m m 2.41xlCT 5 kg 

= 3.34xl(T 2 m/s. 
(b) The direction is to the left (away from the generator). 


45. (a) The magnetic force must push horizontally on the rod to overcome the force of 
friction, but it can be oriented so that it also pulls up on the rod and thereby reduces both 
the normal force and the force of friction. The forces acting on the rod are: F, the force 

of the magnetic field; mg, the magnitude of the (downward) force of gravity; F N , the 

normal force exerted by the stationary rails upward on the rod; and /, the (horizontal) 
force of friction. For definiteness, we assume the rod is on the verge of moving eastward, 
which means that / points westward (and is equal to its maximum possible value fd s F N ). 

Thus, F has an eastward component F x and an upward component F y , which can be 
related to the components of the magnetic field once we assume a direction for the 
current in the rod. Thus, again for definiteness, we assume the current flows northward. 

Then, by the right-hand rule, a downward component (Bd) of B will produce the 
eastward F x , and a westward component (B w ) will produce the upward F y . Specifically, 

K=iLB d , F y = iLB w . 

Considering forces along a vertical axis, we find 

F N =mg- F y =mg- iLB w 

so that 

/ =/,,m» =M s {mg-iLB w ). 

It is on the verge of motion, so we set the horizontal acceleration to zero: 

F x -f = 0 => iLB d =ju s (mg-iLB w ). 

The angle of the field components is adjustable, and we can minimize with respect to it. 
Defining the angle by B w = B sin^and Bj = B cos 0 (which means 6* is being measured 
from a vertical axis) and writing the above expression in these terms, we obtain 

iLBcos0 = u(mg-iLBúne) => B = — - 

sV ' iL(cos0 + ju s sm0) 

which we differentiate (with respect to 9) and set the result equal to zero. This provides a 
determination of the angle: 

0 = tan^ 1 (ju s ) = tan 1 (0.60) = 31°. 

Consequently, 

0.60(1.0 kg)Í9.8m/s 2 ) 

B min =7 T7 ■ " r = 0.10T. 

(50A)(l.0m)(cos31° + 0.60sin31°) 


(b)As shown above, the angle is 0 = tan 1 (// ç ) = tan 1 (0.60) = 31°. 


46. We use dF B = idL x B , where dL = dxi and B = B x i + B y j . Thus, 

F B =Jz'JLx5 = J z'Jxix^5 x i + 5Jj = /J fí y í£ck 
= (-5.0A)ÍJ i 3 o °(8.0/^) (m-mT)jk = (-0.35N)k. 


47. The applied field has two components: B x > 0 and B, > 0. Considering each straight- 
segment of the rectangular coil, we note that Eq. 28-26 produces a non-zero force only 
for the component of B which is perpendicular to that segment; we also note that the 
equation is effectively multiplied by /V = 20 due to the fact that this is a 20-turn coil. 
Since we wish to compute the torque about the hinge line, we can ignore the force acting 
on the straight-segment of the coil which lies along the y axis (forces acting at the axis of 
rotation produce no torque about that axis). The top and bottom straight-segments 
experience forces due to Eq. 28-26 (caused by the B, component), but these forces are (by 
the right-hand rule) in the ±y directions and are thus unable to produce a torque about the 
y axis. Consequently, the torque derives completely from the force exerted on the 
straight-segment located at x = 0.050 m, which has length L = 0.10 m and is shown in 
Figure 28-47 carrying current in the -y direction. Now, the B z component will produce a 
force on this straight-segment which points in the -x direction (back towards the hinge) 
and thus will exert no torque about the hinge. However, the B x component (which is equal 
to B cos^where B = 0.50 T and 6= 30°) produces a force equal to NiLB x which points 
(by the right-hand rule) in the +z direction. Since the action of this force is perpendicular 
to the plane of the coil, and is located a distance x away from the hinge, then the torque 
has magnitude 

r = (MLfíJ(x) = MLxfícos0 = (2O)(O.lOA)(O.lOm)(O.O5O m)(0.50 T)cos30° 
= 0.0043 N-m. 

Since r = rxF, the direction of the torque is -y. In unit- vector notation, the torque is 
f = (-4.3xl0~ 3 N-m)j 

An alternative way to do this problem is through the use of Eq. 28-37. We do not show 
those details here, but note that the magnetic moment vector (a necessary part of Eq. 28- 
37) has magnitude 

= NiA = (20) (0.10 A) (0.0050 m 2 ) 

and points in the -z direction. At this point, Eq. 3-30 may be used to obtain the result for 
the torque vector. 


48. We establish coordinates such that the two sides of the right triangle meet at the 
origin, and the í = 50 cm side runs along the +y axis, while the l x = 120 cm side runs 

along the +x axis. The angle made by the hypotenuse (of length 130 cm) is 

0=tan _1 (50/120) = 22.6°, 

relative to the 120 cm side. If one measures the angle counterclockwise from the +x 
direction, then the angle for the hypotenuse is 180° - 22.6° = +157°. Since we are only 
asked to find the magnitudes of the forces, we have the freedom to assume the current is 
flowing, say, counterclockwise in the triangular loop (as viewed by an observer on the +z 
axis. We take B to be in the same direction as that of the current flow in the hypotenuse. 
Then, with B = \Ê\ = 0.0750T, 

B x =-Bcos0 = -0.0692 T , B y = B ún0 = 0.0288 T. 

(a) Eq. 28-26 produces zero force when LWB so there is no force exerted on the 
hypotenuse of length 130 cm. 

(b) On the 50 cm side, the B x component produces a force ií B x k, and there is no 
contribution from the B y component. Using SI units, the magnitude of the force on the l y 
side is therefore 

(4.00A) (0.500 m) (0.0692 T) = 0.138 N. 

(c) On the 120 cm side, the B y component produces a force it x B y k, and there is no 
contribution from the B x component. The magnitude of the force on the l x side is also 


(4.00 A) (1.20 m) (0.0288 T) = 0.138 N. 

(d) The net force is 

U y B x k + U x B y Í = 0, 


keeping in mind that B x < 0 due to our initial assumptions. If we had instead assumed B 
went the opposite direction of the current flow in the hypotenuse, then B x > 0 but B y < 0 
and a zero net force would still be the result. 


49. Consider an infinitesimal segment of the loop, of length ds. The magnetic field is 
perpendicular to the segment, so the magnetic force on it has magnitude dF = iB ds. The 
horizontal component of the force has magnitude 

dF h = (iB cos 6)ds 

and points inward toward the center of the loop. The vertical component has magnitude 

dF y = (iB sin 6)ds 

and points upward. Now, we sum the forces on ali the segments of the loop. The 
horizontal component of the total force vanishes, since each segment of wire can be 
paired with another, diametrically opposite, segment. The horizontal components of these 
forces are both toward the center of the loop and thus in opposite directions. The vertical 
component of the total force is 

F v =iBsm0$ ds = 2naiBsm0=2x(O.O18 m)(4.6xlCT 3 A)(3.4xlCT 3 T)sin20° 
= 6.0x10 7 N. 

We note that i, B, and 6 have the same value for every segment and so can be factored 
from the integral. 


50. The insight central to this problem is that for a given length of wire (formed into a 
rectangle of various possible aspect ratios), the maximum possible area is enclosed when 
the ratio of height to width is 1 (that is, when it is a square). The maximum possible value 
for the width, the problem says, is x = 4 cm (this is when the height is very close to zero, 
so the total length of wire is effectively 8 cm). Thus, when it takes the shape of a square 
the value of x must be l Á of 8 cm; that is, x = 2 cm when it encloses maximum area 
(which leads to a maximum torque by Eq. 28-35 and Eq. 28-37) of A = (0.020 m) = 

2 —4 

0.00040 m . Since N = l and the torque in this case is given as 4.8 x 10 N m, then the 
aforementioned equations lead immediately to i = 0.0030 A. 


51. (a) The current in the galvanometer should be 1.62 mA when the potential difference 
across the resistor-galvanometer combination is 1.00 V. The potential difference across 
the galvanometer alone is 

iR g = (1.62 x IO" 3 A) (75.3Q) = 0.122 V, 

so the resistor must be in series with the galvanometer and the potential difference across 
it must be 1.00 V - 0.122 V = 0.878V. The resistance should be 

R = (0.878 V)/(l.62 x IO 3 A) = 542 Q. 

(b) As stated above, the resistor is in series with the galvanometer. 

(c) The current in the galvanometer should be 1.62 mA when the total current in the 
resistor and galvanometer combination is 50.0 mA. The resistor should be in parallel with 
the galvanometer, and the current through it should be 50.0 mA - 1.62 mA = 48.38 mA. 
The potential difference across the resistor is the same as that across the galvanometer, 

0.122 V, so the resistance should be R = (0.122 V)/(48.38 x 10~ 3 A) = 2.52Q. 

(d) As stated in (c), the resistor is in parallel with the galvanometer. 


52. We use r max = I ju x B l max = juB = inr B, and note that i = qf = qvllnr. So 


r = 

max 


f qv ^ 


7rr 2 5 = |çvr5 = |(1.60xlO" 19 C)(2.19xl0 6 m/s)(5.29xlO" 11 m)(7.10xlO" 3 T) 


v27rr y 
= 6.58xl(T 26 N-m 


53. We use Eq. 28-37 where Ji is the magnetic dipole moment of the wire loop and B is 
the magnetic field, as well as Newton' s second law. Since the plane of the loop is parallel 
to the incline the dipole moment is normal to the incline. The forces acting on the 
cylinder are the force of gravity mg, acting downward from the center of mass, the 
normal force of the incline F N , acting perpendicularly to the incline through the center of 
mass, and the force of friction/, acting up the incline at the point of contact. We take the 
x axis to be positive down the incline. Then the x component of Newton' s second law for 
the center of mass yields 


For purposes of calculating the torque, we take the axis of the cylinder to be the axis of 
rotation. The magnetic field produces a torque with magnitude /uB s'm0, and the force of 
friction produces a torque with magnitude fr, where r is the radius of the cylinder. The 
first tends to produce an angular acceleration in the counterclockwise direction, and the 
second tends to produce an angular acceleration in the clockwise direction. Newton' s 
second law for rotation about the center of the cylinder, r= Ia, gives 


Since we want the current that holds the cylinder in place, we set a = 0 and a = 0, and use 
one equation to eliminate / from the other. The result is mgr = /uB. The loop is 
rectangular with two sides of length L and two of length 2r, so its area is A = 2rL and the 
dipole moment is /u = NiA = Ni(2rL). Thus, mgr = INirLB and 


mgúnO- f - ma. 


fr - juBúnO = Ia. 



= 2.45 A. 


i = 


2NLB 2(l0.0)(0.100m)(0.500T) 


54. (a) ju = NAi = nr 2 i = ti (0.150 m) 2 (2.60 A) = 0.1 84A • m 2 


(b) The torque is 


r = 


jHxB =/jBún0 = (0.184 A-m 2 )(l2.0T)sin41.0° = 1.45N -m. 


55. (a) The magnitude of the magnetic dipole moment is given by /u = NiA , where ./V is 
the number of turns, i is the current in each turn, and A is the area of a loop. In this case 
the loops are circular, so A = nr , where r is the radius of a turn. Thus 

i = -H- = 23QA - m2 = 127A 

Nnr 2 (I60)(7i)(0.0190m) 2 


(b) The maximum torque occurs when the dipole moment is perpendicular to the field (or 
the plane of the loop is parallel to the field). It is given by 


r max = = (2.30 A • m 2 ) (35.0 x 1(T 3 t) = 8.05 x 1(T 2 N • m . 


2 

56. From /u = NiA = inr we get 


i = 


8.00x10 J/T =M8xl0 , A . 


nr 7r(3500xl0 3 m) 


57. (a) The area of the loop is A = }(30cm)(40cm) = 6.0 x IO 2 cm 2 , so 

jU = iA = (5.0 A) (6.0 x IO" 2 m 2 ) = 0.30 A • m 2 . 
(b) The torque on the loop is 

r = //fi sin # = (0.30 A • m 2 ) (80 x 10 3 T) sin 90° = 2.4 x IO 2 N • m. 


58. (a) The kinetic energy gained is due to the potential energy decrease as the dipole 
swings from a position specified by angle é^to that of being aligned (zero angle) with the 
field. Thus, 

K = U i -U f = -//fi cos #-(-//fi cos 0 o ). 


Therefore, using SI units, the angle is 

K " 


0 = cos 


1 — 


V 


UB 


= cos 


J 


1- 


0.00080 


(0.020)(0.052) 


= 1T 


(b) Since we are making the assumption that no energy is dissipated in this process, then 
the dipole will continue its rotation (similar to a pendulum) until it reaches an angle 6 = 
11° on the other side of the alignment axis. 


59. (a) The magnitude of the magnetic moment vector is 

M = YjnK = nrft + nrfa = 7t(7.00A)r(0.200m) 2 +(0.300m) 2 


= 2.86A-m 2 


(b) Now, 


// = 7rr 2 2 z 2 -7rr 1 2 z 1 = 71 (7.00 A) (0.300m) 2 -(0.200m) 


= 1.10A-m 2 


60. Eq. 28-39 gives U = -\i È = -\iB cos <j>, so at <fi= 0 (corresponding to the lowest 
point on the graph in Fig. 28-52) the mechanical energy is 

K+ U = K 0 + (-iiB) = 6.7 x 10 4 J + (-5 x 10 4 J) = 1.7 x 10 4 J. 


The turning point occurs where K = 0, which implies t/ tU m = 1.7 x 10 4 J. So the angle 
where this takes place is given by 


<j> = -cos 


^1.7xlQ- 4 
//5 


= 110° 


where we have used the fact (see above) that \iB = 5 x 10 J. 


6 1 . The magnetic dipole moment is Ji = //(0.60 i - 0.80 j j , where 

^ = NiA= Ninr 2 = 1(0.20 A)tt(0.080 m) 2 = 4.02 x 1(T* A-m 2 . 

Here í is the current in the loop, N is the number of turns, A is the area of the loop, and r 
is its radius. 

(a) The torque is 


Here i x k = -j, j x i = -k, and jxk = i are used. We also use ixi = 0. Now, we 
substitute the value for /u to obtain 



= ju -0.18j + 0.20k-0.24i . 



(b) The potential energy of the dipole is given by 



//(0.60)(0.25) = -0.15// = -6.0 x 10 4 J. 


Here i • i = 1, i • k = 0, j • i = 0, and j • k = 0 are used. 


62. Let a = 30.0 cm, b = 20.0 cm, and c = 10.0 cm. From the given hint, we write 

// = //, +/} 2 = /aè(-k)+/ac(j) = /a(^-èk) = (5.00A)(0.300m) (O.lOOm) j-(0.200m)k 
= (0.150j-0.300k)A-m 2 . 


63. If N closed loops are formed from the wire of length L, the circumference of each 
loop is LIN, the radius of each loop is R = L/2nN, and the area of each loop is 

A = nR 2 = n(L/2nN) 2 = L 2 /4nN 2 . 

(a) For maximum torque, we orient the plane of the loops parallel to the magnetic field, 
so the dipole moment is perpendicular (i.e., at a 90° angle) to the field. 

(b) The magnitude of the torque is then 


To maximize the torque, we take the number of turns iV to have the smallest possible 
value, 1. Then r= iL 2 B/4n. 

(c) The magnitude of the maximum torque is 


T = NiAB = (Ni) 



B 


AkN 


iÚB 


iÚB (4.51xl(T 3 A)(0.250m) 2 (5.71xl0" 3 T) 


= 1.28xl(T 7 N-m 



64. Looking at the point in the graph (Fig. 28-54(b)) corresponding to i 2 = 0 (which 
means that coil 2 has no magnetic moment) we are led to conclude that the magnetic 
moment of coil 1 must be //, =2.0x10 5 A-m 2 . Looking at the point where the line 
crosses the axis (at i 2 = 5.0 mA) we conclude (since the magnetic moments cancel there) 
that the magnitude of coil 2's moment must also be ju 2 = 2.0 x IO 5 A-m 2 when 
i 2 = 0.0050 A which means (Eq. 28-35) 

AT . ju 2 2.0x1o 5 A-m 2 A n 1A _ 3 2 

N 0 A, =^- = = 4.0x10 m . 

2 ^ i 2 0.0050 A 

Now the problem has us consider the direction of coil 2's current changed so that the net 
moment is the sum of two (positive) contributions - from coil 1 and coil 2 - specifically 
for the case that i 2 = 0.007 A. We find that total moment is 


ju = (2.0 x 10~ 5 A-m 2 ) + (N 2 A 2 h) = 4.8 x 10~ 5 A-m 2 . 


65. (a) Using Eq. 28-35 and Figure 28-23, we have 

jú = (MA)(-j) = -(0.0240 A • m 2 ) j . 

Then, Eq. 28-38 gives 

[/ = -//• fí = -(-0.0240 A -m 2 )^ 3.00 x IO -3 T) = -7.20x IO" 5 J. 

A A 

(b) Using the fact that j x j = O, Eq. 28-37 leads to 

x = $xÈ= (-0.0240j) x (2.00 x 10 3 i) + (-0.0240j) x (-4.00 x 10~ 3 k) 
= (4.80 x IO 5 k + 9.60 x IO 5 í ) N-m. 


66. The unit vector associated with the current element (of magnitude dí ) is - j . The 
(infinitesimal) force on this element is 


dF = i dí(- j) x (0.3 yi + 0.4 yj) 


with SI units (and 3 significant figures) understood. Since j x i = -k and j x j = 0 , we 
obtain 

dF=0.3iyd£ k = (6.00xl(T 4 N/m 2 )yd£ k. 

We integrate the force element found above, using the symbol E, to stand for the 
coefficient 6.00 x 10 N/m 2 , and obtain 


F = \dF = ^l ydy = Çk 


v 2 y 


= (1.88xlO^N)k 


67. The period of revolution for the iodine ion is T= Inrlv = InmlBq, which gives 

BaT (45.0 x 1(T 3 T) Í1.60 x 1(T 19 C) Í1.29 x lCT 3 s) 

m = — = ^ ; w w ^ — v '- = 121 n. 

2n (7)(2Tc)(l.66xl0" 27 kg/u) 


68. (a) The largest value of force occurs if the velocity vector is perpendicular to the field. 
Using Eq. 28-3, 

F B>max = \q\ vB sin (90°) = ev B = (1.60 x 10" 19 C) (7.20 x IO 6 m/s) (83.0 x 10" 3 T) 
= 9.56 x IO" 14 N. 

(b) The smallest value occurs if they are parallel: F B , m m = \q\ vB sin (0) = 0. 

(c) By Newton' s second law, a = F B /m e = \q\ vB sin 6lm e , so the angle ^between v and 
B is 


6 = sin 


i m e a 
\q\vB 


= sin 


(9.1 1 x IO" 31 kg) (4.90 x IO 14 m/s 2 ) 


= 0.267°. 


J 


(1.60 x 10" 16 C) (7.20 x IO 6 m/s) (83.0 x 10" 3 T) 


69. (a) We use r = JixB, where Ji points into the wall (since the current goes clockwise 

around the clock). Since B points towards the one-hour (or "5-minute") mark, and (by 
the properties of vector cross products) r must be perpendicular to it, then (using the 
right-hand rule) we find r points at the 20-minute mark. So the time interval is 20 min. 

(b) The torque is given by 


T =\fixB\={iB sin 90° = NiAB = nNir 2 B = 6tt(2.0A) (0. 15m) 2 (70x 1CT 3 t) 
= 5.9xlCT 2 N-m. 


70. (a) We use Eq. 28-10: v d = E/B = (10 x 10~ 6 V/1.0 x IO" 2 m)/(1.5 T) = 6.7 x IO" 4 m/s. 


(b) We rewrite Eq. 28-12 in terms of the electric field: 


Bi Bi Bi 


n = 


Vle (Ed)le EAe 


which we use A = Id . In this experiment, A = (0.010 m)(10 x 10 6 m) = 1.0 x 10 7 m 2 . By 
Eq. 28-10, Vd equals the ratio of the fields (as noted in part (a)), so we are led to 


(c) Since a drawing of an inherently 3-D situation can be misleading, we describe it in 
terms of horizontal north, south, east, west and vertical up and down directions. We 
assume B points up and the conductor's width of 0.010 m is along an east-west line. We 
take the current going northward. The conduction electrons experience a westward 
magnetic force (by the right-hand rule), which results in the west side of the conductor 
being negative and the east side being positive (with reference to the Hall voltage which 
becomes established). 


Bi 


3.0A 


2.8xl0 29 /m 3 . 


n = 




71. From m = B 2 qx 2 /SV we have Am = (B 2 q/SV)(2xAx). Here x = -JWm/B^q , which we 
substitute into the expression for Am to obtain 


Am = 


(B 2 q\ 







mq 
2V' 


Thus, the distance between the spots made on the photographic plate is 


Ax = 


Am 2V 


B y mq 

(37u-35u)(l.66xl(T 27 kg/u) 


2(7.3xl0 3 v) 


0.50T 


(36u)(l.66xl(r 27 kg/u)(l.60xl(r 19 c) 


= 8.2xl(T 3 m. 


72. (a) Equating the magnitude of the electric force (F e = eE) with that of the magnetic 
force (Eq. 28-3), we obtain B = E I v sin </>. The field is smallest when the sin ^ factor is at 

its largest value; that is, when <j> = 90°. Now, we use K = ~ mv2 to find the speed: 


v = 


Thus, 


\2K 2(2.5xl0 3 eV)(l.60xl(T I9 J/eV) 

— = J-i ^ r: = 2.96 x IO 7 m/s. 

m e V 9.11x10 ~ 31 kg 7 


£_10xltfV/m ^ 
v 2.96 x IO 7 m/s 


The direction of the magnetic field must be perpendicular to both the electric field ( - j ) 
and the velocity of the electron (+i ). Since the electric force F e =(-e)£points in the +j 
direction, the magnetic force F B = (-e)v x B points in the - j direction. Hence, the 
direction of the magnetic field is -k . In unit- vector notation, B = (-3.4x10 ~ 4 T)k. 


73. The fact that the fields are uniform, with the feature that the charge moves in a 
straight line, implies the speed is constant (if it were not, then the magnetic force would 
vary while the electric force could not — causing it to deviate from straight- line motion). 
This is then the situation leading to Eq. 28-7, and we find 

|£|=vlfll=500V/m. 

Its direction (so that F = q[È + v x B^j vanishes) is downward, or -j , in the "page" 
coordinates. In unit- vector notation, £ = (-500 V/m)j 


74. (a) For the magnetic field to have an effect on the moving electrons, we need a non- 
negligible component of B to be perpendicular to v (the electron velocity). It is most 
efficient, therefore, to orient the magnetic field so it is perpendicular to the plane of the 
page. The magnetic force on an electron has magnitude F B = evB, and the acceleration of 
the electron has magnitude a = v 2 lr. Newton' s second law yields evB = m e v 2 /r, so the 
radius of the circle is given by r = m e vleB in agreement with Eq. 28-16. The kinetic 
energy of the electron is K = \m e v 2 , so v = ^2Kjm e . Thus, 



2mK 


\e 2 B 2 


_ . , , , , 2m K _ 1 2m K 

This must be less than d, so J < d , or B > 


e L B l V e l d 


2 j2 


(b) If the electrons are to travei as shown in Fig. 28-57, the magnetic field must be out of 
the page. Then the magnetic force is toward the center of the circular path, as it must be 
(in order to make the circular motion possible). 


75. (a) Since K = qVwe have K p = \K a (as q a = 2K p ), or K p I K a = 0.50. 


(b) Similarly, q a = 2K d , K d /K a = 0.50. 

(c) Since r = V 2mK /qB <x V mK jq , we have 


r d=. 


m 
m 


K j qr \(2.00\x)K n r 
á ^ L % LJL= \ L^L r = ioV2cm = 14cm. 

p K p q d ^{L00u)K p p 


(d) Similarly, for the alpha particle, we have 


r = 


m 

h 

! m 


j±^ = [ (4.oo u R ^ =loV5cm=14cm , 

„*:„ q. \(\Mv)(KJ2) 2e 


76. The equation of motion for the proton is 


— . — . / /\ A, /*, \ I /*, /*, \ 

F = qvxB = q[v x i + v y j + v z kj xBi= qB[v z ) - v y kj 


= ma = m„ 

p p 






fdv z ~) 


i + 

j + 

k 

\ dt J 


y dt J 

^ dt , 



Thus, 


^ = 0, ^ 


where <y = e5/m. The solution is v x = vo*, v y = v 0y cos <aí and v z = -vç, y sin cot. In summary, 
we have 

v(í) = V + v 0 v cos(<af ) j - v 0> , (sin e* )k . 


77. By the right-hand rule, we see that v x B points along -k . From Eq. 28-2 
(F = qv x B ) , we find that for the force to point along +k , we must have q < 0. Now, 

examining the magnitudes in Eq. 28-3, we find I F I = I q I v I B I sin 0 , or 

0.48 N= I ^ I (4000 m/s) (0.0050 T) sin 35° 
which yields \q\ = 0.040 C. In summary, then, q = -40 mC. 


78. Using Eq. 28-16, the charge-to-mass ratio is — = . With the speed of the ion 

m B'r 

giving by v = El B (using Eq. 28-7), the expression becomes 

q _EIB _ E 
m B'r BB'r ' 


79. (a) We use Eq. 28-2 and Eq. 3-30: 


F = qvxB = (+e) [{v y B z -v z B y )U(v z B x -v x B z )) + {v x B y -v y B x )i) 
= (l.60xl0 -19 ) (((4)(0.008)-(-6) (-0.004)) i+ 

((-6) (0.002) - (-2) (0.008)) j + ((-2) (-0.004) - (4) (0.002)) k) 
= (l.28xl0" 21 )i + (6.41xl0" 22 )j 


with SI units understood. 

(b) By definition of the cross product, vlF. This is easily verified by taking the dot 
(scalar) product of v with the result of part (a), yielding zero, provided care is taken not 
to introduce any round-off error. 

(c) There are several ways to proceed. It may be worthwhile to note, first, that if B z were 
6.00 mT instead of 8.00 mT then the two vectors would be exactly antiparallel. Hence, 
the angle ^between B and v is presumably "close" to 180°. Here, we use Eq. 3-20: 


v-B 


68 


0 = cos 


= cos 


-1 


= 173° 


V 


I vil 51 


J 



80. (a) In Chapter 27, the electric field (called E c in this problem) which "drives" the 
current through the resistive material is given by Eq. 27-11, which (in magnitude) reads 
E c = pJ. Combining this with Eq. 27-7, we obtain 

E c =pnev d . 

Now, regarding the Hall effect, we use Eq. 28-10 to write E = vjB. Dividing one equation 
by the other, we get EIE C = Blnep. 

(b) Using the value of copper's resistivity given in Chapter 26, we obtain 


81. (a) The textbook uses "geomagnetic north" to refer to Earth's magnetic pole lying in 
the northern hemisphere. Thus, the electrons are traveling northward. The vertical 
component of the magnetic field is downward. The right-hand rule indicates that v x B is 
to the west, but since the electron is negatively charged (and F = qv x B), the magnetic 
force on it is to the east. 

We combine F = nieã with F = evB sin <j>. Here, B sin <fi represents the downward 
component of Earth's field (given in the problem). Thus, a = evB I m e . Now, the electron 

speed can be found from its kinetic energy. Since K = ~ mv2 ■> 


v 

Therefore, 


\ 2K 


V 


2Í12.0 x IO 3 eV) (1.60 x 10 19 J/eV) 
V A — ^=6.49 x IO 7 m/s. 


a = 


9.11x10 31 kg 

evB (l.60xlO" 19 C) (6.49xl0 7 m/s) (55.0xlO" 6 T) 
~r^~ 9.11x10 31 kg 


= 6.27 x IO 14 m/s 2 « 6.3x IO 14 m/s 2 


(b) We ignore any vertical deflection of the beam which might arise due to the horizontal 
component of Earth's field. Technically, then, the electron should follow a circular are. 
However, the deflection is so small that many of the technicalities of circular geometry 
may be ignored, and a calculation along the lines of projectile motion analysis (see 
Chapter 4) provides an adequate approximation: 

Ax 0.200m ^ nn ,^_ 9 

Ax = vt => t = — = = = 3.08xl0 9 s. 

v 6.49 x IO 7 m/s 

Then, with our y axis oriented eastward, 

Ay=-at 2 =- (6.27 x IO 14 ) (3.08 x 10~ 9 ) 2 = 0.00298m « 0.0030 m. 


82. (a) We are given B = B x i = (6 x l(T 5 T)i , so that v x B = -v y B x k where v y = 4x IO 4 m/s. 

We note that the magnetic force on the electron is (-e)^-v > ,5 x kj and therefore points in 

the +k direction, at the instant the electron enters the field-filled region. In these terms, 
Eq. 28-16 becomes 

mv v 

r = -LJL = 0.0038 m. 
eB x 

(b) One revolution takes T = 2nr/v y = 0.60 /us, and during that time the "drift" of the 
electron in the x direction (which is the pitch of the helix) is Ax = v x T = 0.019 m where v x 
= 32 x 10 3 m/s. 

(c) Returning to our observation of force direction made in part (a), we consider how this 
is perceived by an observer at some point on the -x axis. As the electron moves away 
from him, he sees it enter the region with positive v y (which he might call "upward") but 
"pushed" in the +z direction (to his right). Hence, he describes the electron' s spiral as 
clockwise. 


83. Using Eq. 28-16, the radius of the circular path is 


mv 

~ qB~ qB 


where K = mv 1 12 is the kinetic energy of the particle. Thus, we see that rcc«JmK/qB . 


(a) * = l^K^= /^ = V2«1.4,and 
r p \m p K p q d ^.Ou* 


r p \m p K p q a p.Ou 2e 


84. Letting B x = B y = B x and B z = B 2 and using Eq. 28-2 ( F = qv x B ) and Eq. 3-30, we 
obtain (with SI units understood) 

4Í-20j + 12k = 2((45 2 -65 1 )í + (65 1 -25 2 )] + (25 1 -45 1 )k). 

Equating like components, we find Bi = -3 and B 2 = -4. In summary, 

5 = (-3.0i-3.0j-4.0k)T. 


85. The contribution to the force by the magnetic field^5 = B x i = (-0.020 T)i j is given 
by Eq. 28-2: 

F B =qvxB = q ((l7000Í x B x Vj + (-1 1000 ] x B x Vj + (7000k x B x Vj ) 
= ^(-220k-140j) 

in SI units. And the contribution to the force by the electric field ^E = EJ = 300 j V/mj is 
given by Eq. 23-1 : F E = qE y ) . Using q = 5.0 x 10 C, the net force on the particle is 

F = (0.00080 j- 0.00 llk)N. 


86. The current is in the +i direction. Thus, the i component of B nas no effect, and 
(with x in meters) we evaluate 


F = (3.00A)J 1 (-0.600T/m 2 )/j^(ixj) = 


1 J 

-1.80— A-T-m 
3 


k = (-0.600N)k. 


87. We replace the current loop of arbitrary shape with an assembly of small adjacent 
rectangular loops filling the same area which was enclosed by the original loop (as nearly 
as possible). Each rectangular loop carries a current i flowing in the same sense as the 
original loop. As the sizes of these rectangles shrink to infinitesimally small values, the 
assembly gives a current distribution equivalent to that of the original loop. The 
magnitude of the torque Ar exerted by B on the nth rectangular loop of area AA„ is given 
by Ar„ = NiB sin6AA M . Thus, for the whole assembly 


t = X Ar„ = Mfl£ = NiAB sin 0. 

n n 


1. (a) The field due to the wire, at a point 8.0 cm from the wire, must be 39 juT and must 
be directed due south. Since B = /u 0 i/2nr, 

2nrB 2tt (0.080 m) (39 x 1(T 6 T) 
l ~ ju 0 47rxlO~ 7 T-m/A 


(b) The current must be from west to east to produce a field which is directed southward 
at points below it. 


2. The straight segment of the wire produces no magnetic field at C (see the straight 
sections discussion in Sample Problem 29-1). Also, the fields from the two semi-circular 
loops cancel at C (by symmetry). Therefore, B c = 0. 


3. (a) The magnitude of the magnetic field due to the current in the wire, at a point a 
distance r from the wire, is given by 

B = £l 

With r = 20 ft = 6.10 m, we have 

(47rxlO" 7 T-m/A)(lOOA) 

B = - - = 3.3xl0~ 6 T = 3.3//r. 

27i(6.10m) 


(b) This is about one-sixth the magnitude of the Earth's field. It will affect the compass 
reading. 


4. Eq. 29-1 is maximized (with respect to angle) by setting 6= 90° ( = nl2 rad). Its value 
in this case is 

max An R 2 ' 

From Fig. 29-36(b), we have 5 max = 60xl(T 12 T. We can relate this B max to our dB max by 

setting 'W equal to 1 x l(T 6 m and R = 0.025 m. This allows us to solve for the current: 
i = 0.375 A. Plugging this into Eq. 29-4 (for the infinite wire) gives = 3.0 |u,T. 


5. (a) Recalling the straight sections discussion in Sample Problem 29-1, we see that the 
current in the straight segments collinear with P do not contribute to the field at that point. 
Using Eq. 29-9 (with <j> = 9) and the right-hand rule, we find that the current in the 
semicircular are of radius b contributes /u Q i0/4nb (out of the page) to the field at P. Also, 

the current in the large radius are contributes /u Q i0/4na (into the page) to the field there. 
Thus, the net field at P is 


B = 


w0 


1 1 


(4tt x 1 (T 7 T • m/ A)(0.4 1 1 A)(74° • nl\ 80°) 


4x 


1 


1 


0.107m 0.135m 


= 1.02xl(T 7 T. 


(b) The direction is out of the page. 


6. (a) Recalling the straight sections discussion in Sample Problem 29-1, we see that the 
current in segments AH and JD do not contribute to the field at point C. Using Eq. 29-9 
(with tj> = k) and the right-hand rule, we find that the current in the semicircular are H J 
contributes J u Q i/4R l (into the page) to the field at C. Also, are D A contributes /u Q i/4R 2 
(out of the page) to the field there. Thus, the net field at C is 


f 


1 


1 


(47txlQ' 7 T-m/A)(0.281A) 
4 


í 


1 


1 


B = 


4 


V 


0.03 15m 0.0780m 


J 


= 1.67xlO" 6 T. 


(b) The direction of the field is into the page. 


7. (a) The currents must be opposite or antiparallel, so that the resulting fields are in the 
same direction in the region between the wires. If the currents are parallel, then the two 
fields are in opposite directions in the region between the wires. Since the currents are the 
same, the total field is zero along the line that runs halfway between the wires. 

(b) At a point halfway between they have the same magnitude, juoi/2nr. Thus the total 
field at the midpoint has magnitude B = /Joi/nr and 



= 30 A. 


ju 0 47rxlO~ 7 T-m/A 


8. (a) Recalling the straight sections discussion in Sample Problem 29-1, we see that the 
current in the straight segments collinear with C do not contribute to the field at that point. 


Eq. 29-9 (with (/)=%) indicates that the current in the semicircular are contributes ju 0 i/4R 
to the field at C. Thus, the magnitude of the magnetic field is 

B = tl _ (47rxlQ- 7 T-m/A)(0.0348A) _ 1 lgxl() -7 T 
AR 4(0.0926m) 


(b) The right-hand rule shows that this field is into the page. 


9. (a) B p = jj,j. x llnr x where i\ = 6.5 A and r\ = d\ + di = 0.75 cm + 1.5 cm = 2.25 cm, 
and B p = ju 0 i 2 /27rr 2 where r 2 = d 2 = 1.5 cm. From B P \ = B P2 we get 


f \ 


= (6.5A) 


( 1.5 cm A 


2.25 cm 


= 4.3 A. 


(b) Using the right-hand rule, we see that the current z 2 carried by wire 2 must be out of 
the page. 


10. (a) Since they carry current in the same direction, then (by the right-hand rale) the 
only region in which their fields might cancel is between them. Thus, if the point at 
which we are evaluating their field is r away from the wire carrying current i and is d - r 
away from the wire carrying current 3.00z, then the canceling of their fields leads to 

uJ //a(3z') d 16.0 cm . . 

/•- — = 4.0 cm. 


2nr 2n(d-r) 4 4 


(b) Doubling the currents does not change the location where the magnetic field is zero. 


11. (a) We find the field by superposing the results of two semi-infinite wires (Eq. 29-7) 
and a semicircular are (Eq. 29-9 with <fi = n rad). The direction of B is out of the page, as 
can be checked by referring to Fig. 29-6(c). The magnitude of B at point a is therefore 


5=2 


k 4ttR j 


AnR 2R\n 2 


(4^-xlO _7 T-m/A)(10A) 


2(0.0050 m) 


1 1 

— + — 
n 2 


= 1.0x10 3 T 


upon substituting i = 10 A and R = 0.0050 m. 

(b) The direction of this field is out of the page, as Fig. 29-6(c) makes clear. 

(c) The last remark in the problem statement implies that treating b as a point midway 
between two infinite wires is a good approximation. Thus, using Eq. 29-4, 


B b =2 


f M 0 i A 
2nR 


ju 0 i _ (4;rx IO" 7 T • m/A)(10 A) = g Qx 1Q -4 T 


ttR 


^-(0.0050 m) 


(d) This field, too, points out of the page. 


12. With the "usual" x and y coordinates used in Fig. 29-43, then the vector r pointing 
from a current element to P is r = -s i + R j . Since ds =dsi , then I ds x r I = iWs. 

Therefore, with r = js 2 +R 2 , Eq. 29-3 gives 


4tt (s 2 +R 2 ) 3 ' 2 


(a) Clearly, considered as a function of s (but thinking of 'W as some finite-sized 
constant value), the above expression is maximum for s = 0. Its value in this case is 
dB mãX =]U 0 ids/4xR 2 . 

(b) We want to find the s value such that dB = dB m „ /10 . This is a non-trivial álgebra 

N ' llldX 

271 

10 -li?. If we set 

R = 2.00 cm, then we obtain s = 3.82 cm. 


13. We assume the current flows in the +x direction and the particle is at some distance d 
in the +y direction (away from the wire). Then, the magnetic field at the location of a 

proton with charge q is B = (ju 0 i 1 2nd) k. Thus, 

F = q vxB = ^-(vxi). 

2nd y ' 

In this situation, v = v(-jj (where v is the speed and is a positive value), and q > 0. Thus, 


_ >u 0 iqv U i\ x £\_ (47txl0- 7 T-m/A)(0.350A)(1.60xl0- 19 C)(200m/s) ç. 
1 ~ 2nd U J r / 2nd *~ 2^(0.0289 m) 1 

= (-7.75xl(T 23 N)í 


14. The fact that B y = O at x = 10 cm implies the currents are in opposite directions. Thus 

f 4 O 


B 


2n{L + x) 2nx 2n 


L + x x 


using Eq. 29-4 and the fact that z, = 4z 2 . To get the maximum, we take the derivative with 

respect to x and set equal to zero. This leads to 3x - 2Lx - L =0 which factors and 
becomes (3* + L)(x - L) = 0, which has the physically acceptable solution: x = L . This 
produces the maximum B y : \i D i 2 /2nL. To proceed further, we must determine L. 
Examination of the datum at x = 10 cm in Fig. 29-45(b) leads (using our expression 
above for B y and setting that to zero) to L = 30 cm. 


(a) The maximum value of B y occurs at x = L = 30 cm. 


(b) With i 2 = 0.003 A we find // G i 2 llnL = 2.0 nT. 


(c) and (d) Fig. 29-45(b) shows that as we get very close to wire 2 (where its field 
strongly dominates over that of the more distant wire 1) B y points along the -y direction. 
The right-hand rule leads us to conclude that wire 2's current is consequently is into the 
page. We previously observed that the currents were in opposite directions, so wire l's 
current is out ofthe page. 


15. Each of the semi-infinite straight wires contributes ju Q i/4nR (Eq. 29-7) to the field at 
the center of the circle (both contributions pointing "out of the page"). The current in the 
are contributes a term given by Eq. 29-9 pointing into the page, and this is able to 
produce zero total field at that location if 5 arc = 2.005 semiinfinite , or 


4ttR 

which yields 0 = 2.00 rad. 


= 2.00 


16. Initially, we have B Det<y = O, and B neUx = #2 + B4 = 2(\i 0 i I2nd) using Eq. 29-4, where 
d = 0.15 m . To obtain the 30° condition described in the problem, we must have 


*«, =fi ne t,,tan(30 o ) => B[-B, = 2 (^L |tan(30°) 

\l7ia ) 


where 5 3 = |u 0 i /2nd and B[ = ju 0 i/2nd'. Since tan(30°) = 1/^3 , this leads to 


d' = 


V3 


V3 + 2 


d = 0.464J 


(a) With d = 15.0 cm, this gives d' =7.0 cm. Being very careful about the geometry of 
the situation, then we conclude that we must move wire 1 to x = -7.0 cm. 


(b) To restore the initial symmetry, we would have to move wire 3 to x = +7.0 cm. 


17. Our x axis is along the wire with the origin at the midpoint. The current flows in the 
positive x direction. Ali segments of the wire produce magnetic fields at P\ that are out of 
the page. According to the Biot-Savart law, the magnitude of the field any (infinitesimal) 
segment produces at P\ is given by 

An r 

where 6 (the angle between the segment and a line drawn from the segment to P\) and r 
(the length of that line) are functions of x. Replacing r with ^ x 2 + R 2 and sin 6 with 
R/r = r/ -yjx 2 +R 2 , we integrate from x = -L/2 to x = L/2. The total field is 


B = 


jU 0 ÍR rL/2 dx 


4k 


j-L/2 
J-L/2 


juJR 1 


x 


(x 2 +R 2 ) 


3/2 


4k R 


(x 2 +R 2 ) 


1/2 


L/2 _ jU Q Í 


-l/2 2kR tJl 2 +4R 2 


(4TCxlO" 7 T-m/A)(0.0582A) 0.180m 

27r(0.131m) ^(O.lSOm) 2 +4(0.131m) 2 


= 5.03xl0" s T. 


18. We consider Eq. 29-6 but with a finite upper limit (L/2 instead of qo). This leads to 


B= /y LI 2 

2tc/? j(L/2) 2 + R 2 ' 

In terms of this expression, the problem asks us to see how large L must be (compared 
with R) such that the infinite wire expression B m (Eq. 29-4) can be used with no more 
than a 1% error. Thus we must solve 

^=0.01. 

This is a non-trivial álgebra exercise, but is nonetheless straightforward. The result is 

t=*°2«.14.« =* k~lA.l 
V201 R 


19. Each wire produces a field with magnitude given by B = juoi/2nr, where r is the 
distance from the corner of the square to the center. According to the Pythagorean 

theorem, the diagonal of the square has length «Jla, so r = a/V2 and B = /uj/^flna . 
The fields due to the wires at the upper left and lower right corners both point toward the 
upper right corner of the square. The fields due to the wires at the upper right and lower 
left corners both point toward the upper left corner. The horizontal components cancel 
and the vertical components sum to 

ai 2ui 2(47Txl(T 7 T-m/A)(20A) 

B** = 45° = ^- = -± -. " = 8.0x10 T. 

V27r<3 na 7t(0.20m) 


In the calculation cos 45° was replaced with l/V2 . The total field points upward, or in 
the +y direction. Thus, fi total = (8.0 x 10 5 T)j. 


20. Using the law of cosines and the requirement that B = 100 nT, we have 

6 = cos 


f Bf+B^-B 2 ^ 
-2B l B 2 


= 144°. 


where Eq. 29-10 has been used to determine B\ (168 nT) and B 2 (151 nT). 


21. Our x axis is along the wire with the origin at the right endpoint, and the current is in 
the positive x direction. Ali segments of the wire produce magnetic fields at P 2 that are 
out of the page. According to the Biot-Savart law, the magnitude of the field any 
(infinitesimal) segment produces at Pi is given by 

An r 

where 6 (the angle between the segment and a line drawn from the segment to P 2 ) and r 
(the length of that line) are functions of x. Replacing r with V ' x 2 + R 2 and sin 6 with 
R/r = r/ tJx 2 +R 2 , we integrate from x = -L to x = 0. The total field is 


B 


4n 


dx 


_ ju 0 iR 1 


x 


(x 2 +R 2 ) 


3/2 


4k R 2 


(x 2 +R 2 ) 


1/2 


-l AtzR J L 2 +R 2 


(47rxl0- 7 T-m/A)(0.693A) 0 .136m 


47i(0.251m) ^(0.136m) 2 + (0.251m) : 


= 1.32xl(T 7 T. 


22. Using the Pythagorean theorem, we have 


B 2 = B 2 +B 2 = 


4nR 


+ 


í ■ \ 2 
2nR 


which, when thought of as the equation for a line in a B versus i 2 graph, allows us to 
identify the first term as the "y-intercept" (1 x 10~ ) and the part of the second term 

2 —10 

which multiplies i 2 as the "slope" (5 x 10 ). The latter observation leads to the 
conclusion that R = 8.9 mm, and then our observation about the "y-intercept" determines 
the angle subtended by the are: </)= 1.8 rad. 


23. (a) As illustrated in Sample Problem 29-1, the radial segments do not contribute to 
B p and the arc-segments contribute according to Eq. 29-9 (with angle in radians). If k 
designates the direction "out of the page" then 

- = A) (0.40A)(^rad) f: M) (0.80A)(2^/3rad) £ = iQ _ 6 . 

4;r(0.050m) 4;r(0.040m) 

or lfll = 1.7xl(T 6 T. 

(b) The direction is -k , or into the page. 

(c) If the direction of i\ is reversed, we then have 

- = A) (0.40A)(,rrad) £ A) (0.80A)(2,r/3rad) £ = ^ £ 

4^-(0.050m) 4^-(0.040m) 

or 151 = 6.7x10 6 T. 

(d) The direction is -k , or into the page. 


24. In the one case we have fi S maii + #bi g = 47.25 |uT, and the other case gives fi S mau - 5t>i g 
= 15.75 (J,T (cautionary note about our notation: 5 sma ii refers to the field at the center of 
the small-radius are, which is actually a bigger field than 5 big !). Dividing one of these 
equations by the other and canceling out common factors (see Eq. 29-9) we obtain 

(^small /^big) o 
(! 1 r small ) " (1 / r b Ig ) 1 " ( r smdl / ^big ) 

The solution of this is straightforward: r sma u = Tbi g 12. Using the given fact that the 
r bi = 4.00 cm, then we conclude that the small radius is r ,, = 2.00 cm. 


25. We use Eq. 29-4 to relate the magnitudes of the magnetic fields B\ and B2 to the 
currents (h and i 2 , respectively) in the two long wires. The angle of their net field is 


6= tan\B 2 /B{) = tan\i 2 /h) = 53.13°. 

The accomplish the net field rotation described in the problem, we must achieve a final 
angle 6'= 53.13° - 20° = 33.13°. Thus, the final value for the current h must be i 2 /tan0' 
= 61.3 mA. 


26. Letting "out of the page" in Fig. 29-55(a) be the positive direction, the net field is 

4ttR 2tt(R/2) 

from Eqs. 29-9 and 29-4. Referring to Fig. 29-55, we see that 5 = 0 when i 2 = 0.5 A, so 
(solving the above expression with B set equal to zero) we must have 


</>= 4(i 2 /ii) =4(0.5/2)= 1.00 rad(or 57.3°). 


27. The contribution to 5 net from the first wire is (using Eq. 29-4) 

È m i= (4,xlO- 7 T.m/A)(30A) £ = _ 6 £ 

1 2^ 2ff(2.0m) 

The distance from the second wire to the point where we are evaluating 5 net is r 2 = 4 m 
2 m = 2 m. Thus, 

B 2 =m= (^xl^T-m/A)(40A) g = 1Q _ 6 { 

2 2;rr 2 2^(2.0 m) 

and consequently is perpendicular to B x . The magnitude of 5 net is therefore 
lfi ne t l = V( 3 - 0x10 " 6 T) 2 + (4.0xl0 -6 T) 2 = 5.0xl0~ 6 T . 


28. (a) The contribution to B c from the (infinite) straight segment of the wire is 


The contribution from the circular loop is B c2 = . Thus 

2.R 


B C ~ B Cl + B C2 


_M£( U n_ (47rxlQ- 7 T-m/A)(5.78xlQ- 3 A) 
" ' 2(0.0189 m) 


2R 


\ KJ 


= 2.53xl0~ 7 T 


B c points out of the page, or in the +z direction. In unit-vector notation, 
Ã c =(2.53xl0~ 7 T)k 

(b) Now B cl _L B c2 so 


B c = 


r~n T- ui T (47txlO- 7 T-m/A)(5.78xlO- 3 A) f 

M^bJ 2 =^. 1+-V = - 1 x ^Jl + 4 = 2.02xlO- 7 T. 

V C1 C2 2R\ k 2(0.0189 m) V n 2 


'(0.0189 m) 

and B c points at an angle (relative to the plane of the paper) equal to 


tan 


B Cl 



= tan 1 

y B C2 ) 





= 17.66°. 


In unit-vector notation, 

5 c =2.02xl0" 7 T(cosl7.66 o í + sinl7.66 o k) = (1.92xl0" 7 T)í+(6.12xl0" 8 T)k 


29. Using the right-hand rule (and symmetry), we see that È net points along what we will 
refer to as the y axis (passing through P), consisting of two equal magnetic field y- 
components. Using Eq. 29-17, 


|5 net l = 2^siné? 
2nr 


where i = 4.00 A, r = r = JdJ+dJn =5.00 m, and 


0 = tan 


d, 1 J 4.00 m ^ 


= tan 


6.00 m/ 2 


= tan 


ÍA\ 


= 53.1°. 


Therefore, 


| B (4^ IO"' T. m /A)(4.00 A) 

jzt 2-(5.00 m) 


30. Initially we have 


using Eq. 29-9. In the final situation we use Pythagorean theorem and write 


B f= B :+ B ; = 


4ttR 


+ 


If we square 5, and divide by Bf , we obtain 


V t J 


[{\IR) + (\lr)f 
(\/R) 2 +(l/r) 2 


From the graph (see Fig. 29-58(c) - note the maximum and minimum values) we estimate 
5,75/= 12/10 = 1.2, and this allows us to solve for r in terms of R: 


r = R 


1 


± 1-2^2^ 


1.2-1 


= 2.3 cm or 43.1 cm. 


Since we require r < R, then the acceptable answer is r = 2.3 cm. 


31. Consider a section of the ribbon of thickness dx located a distance x away from point 
P. The current it carries is di = i dxlw, and its contribution to B P is 


dB P = 


/u 0 di _ /u 0 idx 
2nx 2nxw 


Thus, 


B p = \dB p =-^-\ d+wd ^ = -^- 
J 2tzw Jí1 x 2kw 

= 2.23x10"T. 


In 


1 + — 

v d j 


(47rxl0" 7 T-m/A)(4.61xl0 6 A) 
2^-(0.0491m) 


í 


ln 


, | 0.0491 
v + 0.0216, 


— — 11^ 

and B p points upward. In unit-vector notation, B p =(2.23x10 T)j 


32. By the right-hand rule (which is "built-into" Eq. 29-3) the field caused by wire l's 
current, evaluated at the coordinate origin, is along the +y axis. Its magnitude B { is given 
by Eq. 29-4. The field caused by wire 2's current will generally have both an x and a y 
component which are related to its magnitude E>2 (given by Eq. 29-4) and sines and 
cosines of some angle. A little trig (and the use of the right-hand rule) leads us to 
conclude that when wire 2 is at angle &i (shown in Fig. 29-60) then its components are 

B 7 r = B 7 sin 6j , B 2y = -B 7 cos 6 7 . 


The magnitude-squared of their net field is then (by Pythagoras' theorem) the sum of the 
square of their net jc-component and the square of their net v-component: 


B 2 = (B 2 sin 6 2 f + (B l - B 2 cos 6 2 f = B 2 X + B 2 - 2B X B 2 cos 6 2 . 

2 2 

(since sin 6+ cos 0=1), which we could also have gotten directly by using the law of 


cosines. We have 


B, = 


^ = 60 nT, R=^ = 40nT 
2nR 2nR 


With the requirement that the net field have magnitude B = 80 nT, we find 

= cos" 1 (-l/4) = 104 o , 


6 2 = cos 1 


f B\ + B\ - B 2 
2B X B 2 


where the positive value has been chosen. 


33. (a) Recalling the straight sections discussion in Sample Problem 29-1, we see that the 
current in the straight segments collinear with P do not contribute to the field at that point. 
We use the result of Problem 29-21 to evaluate the contributions to the field at P, noting 
that the nearest wire-segments (each of length a) produce magnetism into the page at P 
and the further wire-segments (each of length 2a) produce magnetism pointing out of the 
page at P. Thus, we find (into the page) 


B P = 2 


V2 A ,0 J V2 A) /lV2 A) /_V2(47rxl0- 7 T-m/A)(l3A) 


Sna 


J 


87t(2a) 


J 


8^-(0.047m) 


= 1.96xl(T 5 T*2.0xl(r 5 T. 


(b) The direction of the field is into the page. 


34. We note that when there is no >>-component of magnetic field from wire 1 (which, by 
the right-hand rule, relates to when wire 1 is at 90° = tíI2 rad), the total j-component of 
magnetic field is zero (see Fig. 29-62(c)). This means wire #2 is either at +k/2 rad or 
-7t/2 rad. 

(a) We now make the assumption that wire #2 must be at -nl2 rad (-90°, the bottom of 
the cylinder) since it would pose an obstacle for the motion of wire #1 (which is needed 
to make these graphs) if it were anywhere in the top semicircle. 

(b) Looking at the 0\ = 90° datum in Fig. 29-62(b)) - where there is a maximum in 5 ne t x 
(equal to +6 uT) - we are led to conclude that B lx = 6.0 //T-2.0 //T = 4.0 juT in that 
situation. Using Eq. 29-4, we obtain 


(c) The fact that Fig. 29-62(b) increases as 6\ progresses from 0 to 90° implies that wire 
l's current is out of the page, and this is consistent with the cancellation of B nety at 
6 X = 90° , noted earlier (with regard to Fig. 29-62(c)). 

(d) Referring now to Fig. 29-62(b) we note that there is no x-component of magnetic field 
from wire 1 when 0\ = 0, so that plot tells us that B 2x = +2.0 |uT. Using Eq. 29-4, we find 
the magnitudes of the current to be 


h = 


2nRB lx _ 2^(0.200 m)(4.0xlQ- 6 T) 
ju 0 ~ Att x 10~ 7 T- m/A 


= 4.0 A. 


h = 


2nRB 2x _ 2^(0.200 m)(2.0xl0' 6 T) 
ju 0 ~ An x IO" 7 T- m/A 


= 2.0 A. 


(e) We can conclude (by the right-hand rule) that wire 2's current is into the page. 


35. Eq. 29-13 gives the magnitude of the force between the wires, and finding the x- 
component of it amounts to multiplying that magnitude by cosé=-j= f 2 \ . Therefore, 

V" +«2 

the jc-component of the force per unit length is 

F £ __ ju 0 hi 2 d 2 _ (47txl(T 7 T-m/A)(4.00xl(r 3 A)(6.80xl(T 3 A)(0.050 m) 
L ~ 2n{d^ + d 2 2 ) ~ ~~ 2^(0.0240 m) 2 +(0.050 m) 2 ] " " " . 

= 8.84x10"" N/m 


36. Using Eq. 29-13, the force on, say, wire 1 (the wire at the upper left of the figure) is 
along the diagonal (pointing towards wire 3 which is at the lower right). Only the forces 
(or their components) along the diagonal direction contribute. With 0 = 45°, we find the 
force per unit meter on wire 1 to be 


F 1 =\F U + F u +F U \ = 2F l2 cos 0 + F l3 =2 


í -2 \ 

y 2na j 


cos 45° + 


o , /y 2 = 3 


í •2^ 


V a J 


3 (47rxlO" 7 T-m/A)(l5.0A) 2 
~ ' lylln (8.50xl(T 2 m) 


12x1 0" 3 N/m. 


The direction of F 1 is along r = (i-j)/>/2 . In unit- vector notation, we have 


F 1 = (L12xl ^ N/m) (i - j) = (7.94 x 1 (T 4 N/m)i + (-7.94x1o -4 N/m)j 


37. Using a magnifying glass, we see that ali but z'2 are directed into the page. Wire 3 is 
therefore attracted to ali but wire 2. Letting d = 0.500 m, we find the net force (per meter 
length) using Eq. 29-13, with positive indicated a rightward force: 


( 


i 2k 


V 2d d d 1d j 


whichyields 1^1/^ = 8.00x10 7 N/m. 


38. We label these wires 1 through 5, left to right, and use Eq. 29-13. Then, 
(a) The magnetic force on wire 1 is 


F-™ _ + + + 


2n 


d 2d 3d Ad 


,_25 M /l ,_25(47 t xlQ- 7 T-m/A)(3.00A) 2 (10.0m) , 
J ~ 24ra? J ~ 247t(8.00xl(T 2 m) J 


= (4.69xlO^N) ]. 


(b) Similarly, for wire 2, we have 


M 0 i l 
2n 


2 7 f 


1 1 

2J + 3J 


; _ 5jU Q Í 2 l 


J = 


12nd 


j = (1.88xl(TN)j. 


(c) F3 = 0 (because of symmetry). 


(d) F A = -F 2 = ( -1 .88x l(T 4 N)j , and 


(e) F 5 = -F x = -(4.69 x IO" 4 N)j . 


39. We use Eq. 29-13 and the superposition of forces: F 4 = F l4 + F 24 + F 34 . With 6= 45°, 
the situation is as shown on the right. 


The components of F A are given by 


r Ax - r 43 r 42 cuí,t7- _ - 

2na l^jlna 4na 


and 


Thus, 


F.=F,-F^in0 = ^- ^ 2 ^ 45 ° ^ 
2na 2y/2na 4-na 


4y * 41 * 42 ' 


= 1.32x10"* N/m 


f •2^ 


^4ra? y 


1/2 



10/y 2 _ VlÕ(47rxl0- 7 T-m/A)(7.50A) 2 
4^(0.135m) 


4ttíí 


and F 4 makes an angle <fi with the positive * axis, where 


<j> = tan 


ÍJ7 A 

4)> 


= tan 


( 1 A 


= 162 c 


In unit-vector notation, we have 


F 1 =(1.32xl0" 4 N/m)[cosl62 o i + sinl62°j] = (-1.25xl0" 4 N/m)i + (4.17xl0^N/m)j 


-4 l 


40. (a) The fact that the curve in Fig. 29-65(b) passes through zero implies that the 
currents in wires 1 and 3 exert forces in opposite directions on wire 2. Thus, current i\ 
points out of the page. When wire 3 is a great distance from wire 2, the only field that 
affects wire 2 is that caused by the current in wire 1; in this case the force is negative 
according to Fig. 29-65(b). This means wire 2 is attracted to wire 1, which implies (by 
the discussion in section 29-2) that wire 2's current is in the same direction as wire l's 
current: out ofthe page. With wire 3 infinitely far away, the force per unit length is given 
(in magnitude) as 6.27 x lCT 7 N/m. We set this equal to F n = /uj^llnd . When wire 3 

is at x = 0.04 m the curve passes through the zero point previously mentioned, so the 
force between 2 and 3 must equal Fn there. This allows us to solve for the distance 
between wire 1 and wire 2: 

d = (0.04 m)(0.750 A)/(0.250 A) = 0.12 m. 

Then we solve 6.27 x 10~ 7 N/m= |u, 0 i\ ii /2nd and obtain i 2 = 0.50 A. 

(b) The direction of i 2 is out of the page. 


41. The magnitudes of the forces on the sides of the rectangle which are parallel to the 
long straight wire (with i\ = 30.0 A) are computed using Eq. 29-13, but the force on each 
of the sides lying perpendicular to it (along our y axis, with the origin at the top wire and 
+y downward) would be figured by integrating as follows: 

sides -J -Z Oy- 

Ja 2ny 

Fortunately, these forces on the two perpendicular sides of length b cancel out. For the 
remaining two (parallel) sides of length L, we obtain 

F = /Wi L ( 1 1 Wi b 


2n 


v 


a 


a + d ) 2na(a + b^ 


(47rxl0" 7 T-m/A)(30.0A)(20.0A)(8.00cm)(300xl0" 2 m) 

* ^— ^ ^ r ^ ^ = 3.20xl0 3 N, 

27t(l.00cm+8.00cm) 


— — » O 

and F points toward the wire, or +j.Thatis, ^ = (3.20x10" N)j in unit- vector notation. 


42. We use Ampere' s law: <p5 -ds = ju 0 i , where the integral is around a closed loop and i 
is the net current through the loop. 

(a) For path 1, the result is 

^5-J? = // 0 (-5.0A + 3.0A) = (47rxl0" 7 T-m/A)(-2.0A) = -2.5xl0" 6 T-m. 

(b) For path 2, we find 

<|> 2 5-J? = // 0 (-5.0A-5.0A-3.0A) = (47rxl0" 7 T-m/A)(-13.0A) = -1.6xl0" 5 T-m. 


43. (a) Two of the currents are out of the page and one is into the page, so the net current 
enclosed by the path is 2.0 A, out of the page. Since the path is traversed in the clockwise 
sense, a current into the page is positive and a current out of the page is negative, as 
indicated by the right-hand rule associated with Ampere' s law. Thus, 

j> B ■ ds = -ju 0 i = -(4ti x 1(T 7 T • m/A) (2.0 A) = -2.5 x ÍOT • m. 

(b) The net current enclosed by the path is zero (two currents are out of the page and two 
are into the page), so <p B ■ ds = jU Q i enc = 0 . 


44. A close look at the path reveals that only currents 1, 3, 6 and 7 are enclosed. Thus, 
noting the different current directions described in the problem, we obtain 

<j)2^? = // 0 (7í-6í + 3í + /) = 5/y =5^ 


45. We use Eq. 29-20 B = jU 0 ir 1 2na 2 for the 5-field inside the wire ( r < a ) and Eq. 29-17 
B = /u 0 i 1 2nr for that outside the wire (r > d). 

(a) At r = 0, 5 = 0. 

(b) At r=0.0100m, B- WLj^xlO^T.nyAXnOAXO.OlOOm)^ 5()xW _, T 

2na 2;r(0.0200m) 2 

(c) At r=a=0.0200m, B- WLj^xlO^T.nVAXlVOAXO^OOm)^ 

2na 2^-(0.0200m) 2 

(d) At , = 0.0400m, ^iV^^xlQ-T-^dVOA)^^^^^ 

2nr 2;r(0.0400m) 


46. The area enclosed by the loop L is A = \{Ad){2>d) = 6d 2 . Thus 

j> 5-J? = // 0 / = // 0 j-A = (47rxlO" 7 T-m/A)(l5A/m 2 )(6)(0.20m) 2 =4.5xlO" 6 T-m. 


47. For r<a , 


B(r) = 


Mo 


2nr 2nr 


Inrdr = 


a ) 


3a 


(a) At r = 0, 5 = 0. 


(b) At r = a 1 2 , we have 


B(r) = A,V 2 _ (47 t xl0- 7 T-m/A)(310A/m 2 )(3.1xlQ- 3 m/2) 2 =1 0xl0 -7 T 
1 ' 3a 3(3.1xl(T 3 m) 


(c) At r = a, 


grr _ a) _ A)V _ (47txl0- 7 T-m/A)(310A/m 2 )(3.1xl0- 3 m) _ i0:d() _ 7T 
1 ) 3 3 


48. (a) The field at the center of the pipe (point C) is due to the wire alone, with a 
magnitude of 


2n(3R) 6nR 


For the wire we have 5p, w ire > 5c, wire- Thus, for B P = B c = 5c, wire, «wire must be into the 
page: 


/Vwire Mo 1 


2nR 2n(2R) 

Setting B c = -B P we obtain z wire = 3i78 = 3(8.00xKT 3 A)/8 = 3.00xl(T 3 A 
(b) The direction is into the page. 


49. It is possible (though tedious) to use Eq. 29-26 and evaluate the contributions (with 
the intent to sum them) of ali 200 loops to the field at, say, the center of the solenoid. 
This would make use of ali the information given in the problem statement, but this is not 
the method that the student is expected to use here. Instead, Eq. 29-23 for the ideal 
solenoid (which does not make use of the coil diameter) is the preferred method: 


B = ju Q in = ju Q i 


V *■ J 


where i = 0.30 A, i = 0.25 m and N = 200. This yields B = 3.0 x IO 4 T . 


50. We find N, the number of turns of the solenoid, from the magnetic field 
B = ju Q in = /jJN 1 1 : N = B£ / ju 0 i. Thus, the total length of wire used in making the 
solenoid is 

2%rBl 2tt(2.60 x 1CT 2 m)(23.0 x 10" 3 T)(l.30m) 
%r ~ ju 0 i ~ 2(4ttx10" 7 T-m/A)(l8.0A) ~ 


51. (a) We use Eq. 29-24. The inner radius is r = 15.0 cm, so the field there is 

B _ Mo iN _ (47rxlQ- 7 T-m/A)(0.800A)(500) _ g33;;iQ _ 4T 
2nr 27r(0.150m) 

(b) The outer radius is r = 20.0 cm. The field there is 

uiN (47rxl0" 7 T-m/A)(0.800A)(500) 

B = ^ = ± ^- ^ ^ = 4.00xlO- 4 T. 

2nr 27r(0.200m) 


52. It is possible (though tedious) to use Eq. 29-26 and evaluate the contributions (with 
the intent to sum them) of ali 1200 loops to the field at, say, the center of the solenoid. 
This would make use of ali the information given in the problem statement, but this is not 
the method that the student is expected to use here. Instead, Eq. 29-23 for the ideal 
solenoid (which does not make use of the coil radius) is the preferred method: 


B = ju Q in = ju Q i 


V * J 


where i = 3.60 A, £ = 0.950 mandiV= 1200. This yields B = 0.00571 T. 


53. (a) We denote the B -fields at point P on the axis due to the solenoid and the wire as 
B s and B w , respectively. Since B s is along the axis of the solenoid and B w is 
perpendicular to it, B S LB W respectively. For the net field B to be at 45° with the axis 
we then must have B s = B w . Thus, 

B s = ju 0 i s n = B w = ^-, 


which gives the separation d to point P on the axis: 


L 6.00A 

d = = — -. — — = 4.77 cm 

2ttz> 2tt(20.0 x IO" 3 A)(lO turns/cm) 


(b) The magnetic field strength is 


5 = V25 ç =V2(4ttx10" 7 T-m/A)(20.0xlCr 3 A)(l0turns/0.0100m) = 3.55xl0" 5 T. 


54. As the problem states near the end, some idealizations are being made here to keep 
the calculation straightforward (but are slightly unrealistic). For circular motion (with 
speed v± which represents the magnitude of the component of the velocity perpendicular 
to the magnetic field [the field is shown in Fig. 29-19]), the period is (see Eq. 28-17) 

T= 2nr/v± = InmleB. 

Now, the time to travei the length of the solenoid is t = L/v,, where v N is the component 

of the velocity in the direction of the field (along the coil axis) and is equal to v cos 6 
where 6 = 30°. Using Eq. 29-23 (B = \ioin) with n = N/L, we find the number of 
revolutions made is t/T = 1.6 x 10 6 . 


55. The orbital radius for the electron is 


mv mv 

r = 


eB e/u 0 ni 
which we solve for i: 


mv 

i = 


(9.1 lx 1(T 31 kg) (0.0460) (3.00x 10 8 m/s) 


eju Q nr (l.60xl0 19 C)(47txlO~ 7 T-m/A)(l00/0.0100m)(2.30xl0" 2 m) 
= 0.272A. 


56. (a) We set z = O in Eq. 29-26 (which is equivalent using to Eq. 29-10 multiplied by 
the number of loops). Thus, 5(0) <x UR. Since case b has two loops, 


B b _2i/R b _2R a _ /{Q 

B a i/K R b 


(b) The ratio of their magnetic dipole moments is 


ju b _2iA b _2R 2 h 
M a i\ K 


= 2 


= - =0.50. 

2 


57. The magnitude of the magnetic dipole moment is given by ju = NiA, where /V is the 
number of turns, i is the current, and A is the area. We use A = nR 2 , where R is the radius. 
Thus, 

ju = (200)(0.30 A)ti(0.050 m) 2 = 0.47 A • m 2 . 


58. We use Eq. 29-26 and note that the contributions to B p from the two coils are 
same. Thus, 


B p =- 


2ju 0 iR 2 N _ 8 A) M _ 8(4tix10- 7 T-m/A)(200)(0.0122A) 


R 2 +(R/2f 


3/2 


5V5(0.25m) 


= 8.78xlO" 6 T 


B p is in the positive x direction. 


59. (a) The magnitude of the magnetic dipole moment is given by /j = NiA, where N is the 
number of turns, i is the current, and A is the area. We use A = nR 2 , where R is the radius. 
Thus, 

M = NinR 2 = (300)(4.0 A)7r(0.025m) 2 = 2.4 A • m 2 . 


(b) The magnetic field on the axis of a magnetic dipole, a distance z away, is given by Eq. 
29-27: 


B = 


2k z 3 


We solve for z: 


í V/ 3 
2n B 


(4k x IO" 7 T • m/A)(2.36 A • m 2 ) 
27r(5.0xlO _6 T) 


A 1/3 


= 46 cm 


60. (a) To find the magnitude of the field, we use Eq. 29-9 for each semicircle (<j)=n rad), 
and use superposition to obtain the result: 


ju 0 in ju 0 in ju 0 ifl O (47rxl0- 7 T-m/A)(0.0562A)^ 
B = 1 = — 


4na 4nb 4 
= 4.97xl(T 7 T. 


■+■ 
\ci b j 


1 


1 ^ 


().()572m + 0.()936m 


(b) By the right-hand rule, B points into the paper at P (see Fig. 29-6(c)). 

(c) The enclosed area is A = (na 2 + nb 2 )/2 which means the magnetic dipole moment 
has magnitude 

\ju\ =^-(a 2 +b 2 ) = ^ Q -°^ 62A ) [(O.Q572m) 2 + (0.0936m) 2 ] = 1 .06 x 1CT 3 A • m 2 . 


(d) The direction of Ji is the same as the B found in part (a): into the paper. 


61. By imagining that each of the segments bg and c/(which are shown in the figure as 
having no current) actually has a pair of currents, where both currents are of the same 
magnitude (z) but opposite direction (so that the pair effectively cancels in the final sum), 
one can justify the superposition. 

(a) The dipole moment of path abcdefgha is 


(b) Since both points are far from the cube we can use the dipole approximation. For 



(6.0 A)(0.10m) 2 ] = (6.0x 1CT 2 A • m 2 ) ] . 


(x, y, z) = (0, 5.0 m, 0) 


62. Using Eq. 29-26, we find that the net v-component field is 

d Moh Rl Moh Rl 

y 2n{R 2 + z\f 2 2^ 2 + z 2 2 ) 3/2 ' 

2 2 2 2 

where Z\ = L (see Fig. 29-76(a)) and zi =y (because the central axis here is denoted y 
instead of z). The fact that there is a minus sign between the two terms, above, is due to 
the observation that the datum in Fig. 29-76(b) corresponding to B y = 0 would be 
impossible without it (physically, this means that one of the currents is clockwise and the 
other is counterclockwise). 

(a) As y — > co, only the first term contributes and (with B y = 7.2 x 1(T 6 T given in this case) 
we can solve for i x . We obtain z\ = (45/16tt) A « 0.90 A. 

(b) With loop 2 at y = 0.06 m (see Fig. 29-76(b)) we are able to determine i 2 from 

2(R 2 +L 2 ) 3 ' 2 2(R 2 + y 2 ) 3 ' 2 ' 


We obtain i 2 = (1 llyfu /50n) A * 2.7 A. 


63. (a) We denote the large loop and small coil with subscripts 1 and 2, respectively. 

U i (47txKr 7 T-m/A)(l5A) 

B. = ^ = ± ^ = 7.9xl(T 5 T. 

1 2R X 2(0.12 m) 

(b) The torque has magnitude equal to 

r = I jà 2 x B l I = J u 2 B l sin 90° = N 2 i 2 A 2 B l = 7rN 2 i 2 r 2 B l 
= ;r(50)(l.3A)(0.82xl0- 2 m) 2 (7.9xl(T 5 T) 
= l.lxl(T 6 N-m. 


64. The radial segments do not contribute to Ê (at the center) and the arc-segments 

A 

contribute according to Eq. 29-9 (with angle in radians). If k designates the direction 
"out of the page" then 

g = /y(^rad) ~ | ju 0 i(n / 2 md) ^ ju 0 i(n 1 2 rad) * 
4^(4.00 m) 4;r(2.00 m) 4^(4.00 m) 


where i = 2.00 A. This yields È = (1.57 x IO" 7 T) k , or I B I = 1.57 x 10 7 T . 


65. (a) The magnetic field at a point within the hole is the sum of the fields due to two 
current distributions. The first is that of the solid cylinder obtained by filling the hole and 
has a current density that is the same as that in the original cylinder (with the hole). The 
second is the solid cylinder that fills the hole. It has a current density with the same 
magnitude as that of the original cylinder but is in the opposite direction. If these two 
situations are superposed the total current in the region of the hole is zero. Now, a solid 
cylinder carrying current i which is uniformly distributed over a cross section, produces a 
magnetic field with magnitude 

2kR 2 

at a distance r from its axis, inside the cylinder. Here R is the radius of the cylinder. For 
the cylinder of this problem the current density is 


A n{a 2 -b 2 \ 


where A = n(a - b ) is the cross-sectional area of the cylinder with the hole. The current 
in the cylinder without the hole is 


• 2 
2 la 

/, = JA = nJa = 


a 2 -b 2 

and the magnetic field it produces at a point inside, a distance r\ from its axis, has 
magnitude 

B = /"oVi = /w 2 = m 

1 2na 2 2na 2 (a 2 -b 2 ) 2n(a 2 -b 2 )' 
The current in the cylinder that fills the hole is 

I 2=K Jb j 
a -b 

and the field it produces at a point inside, a distance r 2 from the its axis, has magnitude 

B = /»o 7 2 r 2 = Moir 2 b 2 = /y> 2 

2 2nb 2 2nb 2 (a 2 -b 2 ) 2%{a 2 -b 2 )' 

At the center of the hole, this field is zero and the field there is exactly the same as it 
would be if the hole were filled. Place r\ = d in the expression for B\ and obtain 

B _ Moid _ (4ttx IO 7 T • m/A) (5.25 A) (0.0200m) _ ^ 
2n{a 2 -b 2 ) 2^-[(0.0400m) 2 -(0.0150m) 2 ] 


for the field at the center of the hole. The field points upward in the diagram if the current 
is out of the page. 


(b) If b = 0 the formula for the field becomes 


B = 


/u Q id 
2na 2 


This correctly gives the field of a solid cylinder carrying a uniform current i, at a point 
inside the cylinder a distance d from the axis. If d = 0 the formula gives 5 = 0. This is 
correct for the field on the axis of a cylindrical shell carrying a uniform current. 

Note: One my appy Ampere's law to show that the magnetic field in the hole is uniform. 
Consider a rectangular path with two long sides (side 1 and 2, each with length L) and 
two short sides (each of length less than b). If side 1 is directly along the axis of the hole, 
then side 2 would be also parallel to it and also in the hole. To ensure that the short sides 
do not contribute significantly to the integral in Ampere' s law, we might wish to make L 
very long (perhaps longer than the length of the cylinder), or we might appeal to an 
argument regarding the angle between B and the short sides (which is 90° at the axis of 
the hole). In any case, the integral in Ampere' s law reduces to 


rectangle 


B-ds=^ Q i eacl09ed 



( 5 sidel - 5 side2) L - 0 


where 5 s i de í is the field along the axis found in part (a). This shows that the field at off- 
axis points (where 5 s i de 2 is evaluated) is the same as the field at the center of the hole; 
therefore, the field in the hole is uniform. 


66. Eq. 29-4 gives 

2kRB _ 2rc (0.880 m) (7.30 xl(T 6 T) 
ju 0 ~ 47rxlO _7 T-m/A 


67. (a) By the right-hand rule, the magnetic field B l (evaluated at a) produced by wire 1 
(the wire at bottom left) is at <f> = 150° (measured counterclockwise from the +x axis, in 
the xy plane), and the field produced by wire 2 (the wire at bottom right) is at <fi = 210°. 
By symmetry (^B l = 5 2 ) we observe that only the jc-components survive, yielding 


B = B l + B 2 = 


■ W 
' 2ní 


cos 150 c 


i = (-3.46xl(T 5 T)í 


where i = 10 A, í = 0.10 m, and Eq. 29-4 has been used. To cancel this, wire b must 
carry current into the page (that is, the -k direction) of value 


Mo 


2^(0.087 m) 
47Txl0~ 7 T-m/A 


■ = 15A 


where r = -^31/2 = 0.087 m and Eq. 29-4 has again been used. 


(b) As stated above, to cancel this, wire b must carry current into the page (that is, the -z 
direction) 


68. We note that the distance from each wire to P is r = dj V2 = 0.07 lm. In both parts, 
the current is i = 100 A. 


(a) With the currents parallel, application of the right-hand rule (to determine each of 
their contributions to the field at P) reveals that the vertical components cancel and the 
horizontal components add, yielding the result: 


5 = 2 


\2nr j 


cos 45.0° = 4.00 x IO" 4 T 


and directed in the -x direction. In unit- vector notation, we have 5 = (-4.00 x 10 4 T)i . 

(b) Now, with the currents anti-parallel, application of the right-hand rule shows that the 
horizontal components cancel and the vertical components add. Thus, 


5 = 2 


\2nr j 


sin 45.0° = 4.00 x 10" 4 T 


and directed in the +y direction. In unit- vector notation, we have 5 = (4.00 x IO" 4 T)j 


69. Since the radius is R = 0.0013 m, then the i = 50 A produces 

B= Ml = (47rxl0- 7 T-m/A)(50A) =77xl0 _3 T 
2nR 2;r(0.0013m) 

at the edge of the wire. The three equations, Eq. 29-4, Eq. 29-17 and Eq. 29-20, agree at 
this point. 


70. (a) With cylindrical symmetry, we have, externai to the conductors, 


B 


Mg ? enc 

2nr 


which produces i enc = 25 mA from the given information. Therefore, the thin wire must 
carry 5.0 mA. 

(b) The direction is downward, opposite to the 30 mA carried by the thin conducting 
surface. 


71.Weuse B[x, y, z) = (jU 0 /4n)iAs x r/r 3 , where A? = Asj and r = xi + yj + zk . Thus, 

t \ i As] x [xi + y) + zk^j ju Q i As^zi - xííj 


B(x,y,z) = 


( Mc 


V4n) ( x 2 + y 2 +z if 4K(x 2 + y s +z 2 f 

(a) The field on the z axis (at z = 5.0 m) is 

(47rxl0" 7 T-m/A)(2.0A)(3.0xl0" 2 m)(5.0m)i 
5(0, O, 5.0m) = ^ J - ^ ^-^ = (2.4 xlO T)i. 

47i(0 2 +0 2 +(5.0m) 2 ) 

(b) B (O, 6.0 m, 0) = O, since x = z = 0. 

(c) The field in the xy plane, at (x, y) = (7,7), is 

é(7.0m.7.0 m ,0) = (4 ^ 10 -' WA) ^^^ 

47t((7.0m) 2 +(7.0m) 2 +0 2 ) 

(d) The field in the xy plane, at (x, y) = (-3, -4), is 
fi(-3.0 m ,-4.0 m ,0) = (4 ^ 10 - ,T - WA) ^^^ 


47r((-3.0m) 2 +(-4.0m) 2 +0 2 


72. (a) The radial segments do not contribute to Bp and the arc-segments contribute 

A 

according to Eq. 29-9 (with angle in radians). If k designates the direction "out of the 
page" then 

- _ ju 0 i(l7r 1 4 rad) - ju 0 í(1tt/ 4 rad) - 
p ~ 4;r(4.00m) 4^(2.00 m) 

where i = 0.200 A. This yields È = -2.75 x IO 8 k T, or I È\ = 2.75 x IO 8 T. 


(b) The direction is -k , or into the page. 


73. Using Eq. 29-20, 


151 = 


r, 


we find that r = 0.00128 m gives the desired field value. 


74. The points must be along a line parallel to the wire and a distance r from it, where r 
satisfies 5 wire = = 5 ext , or 

„; (l.26xl0" 6 T-m/A)(l00A) 
27r5 ext 27r(5.0xlO" 3 T) 


75. Let the length of each side of the square be a. The center of a square is a distance a/2 
from the nearest side. There are four sides contributing to the field at the center. The 
result is 

2V2/y 
na 

On the other hand, the magnetic field at the center of a circular wire of radius R is 
jU 0 i/2R (e.g., Eq. 29-10). Thus, the problem is equivalent to showing that 

2V2/y > f4 ^ a4i > 1 
na 2R na R 

To do this we must relate the parameters a and R. If both wires have the same length L 
then the geometrical relationships 4a = L and 2nR = L provide the necessary connection: 

„ ri 71 R 

4a = 2nR => a = . 

2 

Thus, our proof consists of the observation that 

W2 _ 8V2 J_ 

7ta 7T 2 i? 7? ' 


"^center ^ 


// 0 Í 


2 ^(«/ 2 )J Ja 2 + 4(a/2) 2 


as one can check numerically (that 8-V2/ 7r 2 > 1 ). 


76. We take the current (z = 50 A) to flow in the +x direction, and the electron to be at a 
point P which is r = 0.050 m above the wire (where "up" is the +y direction). Thus, the 
field produced by the current points in the +z direction at P. Then, combining Eq. 29-4 

with Eq. 28-2, we obtain F e = (-eju 0 i/2nr)(v x kj. 

~ 7 

(a) The electron is moving down: v = -vj (where v = 1.0 x 10 m/s is the speed) so 

F e =^^(-i) = (3.2xlO- 16 N)i, 

or IFJ = 3.2xlO" 16 N. 

(b) In this case, the electron is in the same direction as the current: v = vi so 

F,=^(-j)=(3.2xlO-<N)j, 

or IFJ = 3.2xlO" 16 N. 

(c) Now, v = ±vk so F e cc k x k = 0. 


77. The two small wire-segments, each of length a/4, shown in 
Fig. 29-83 nearest to point P, are labeled 1 and 8 in the figure. 


8 


Let -k be a unit vector pointing into the page. We use the 
results of Problem 29-21 to calculate B Pl through B P& : 


B„, — 


B DA — 


B P2 ~ 


and 


Finally, 


B p5 - 


B P1 - 


■\Í2ju Q i -\l2ju Q i 


Sn(a/4) 2na 

8n(3a/4) 6na 
jU 0 i 3a/4 


3ju 0 i 


4 <*/4) [(3a/4) 2 +(a/4) 2 ] V2 


lOna 


/u 0 i 


a/4 


4n(3a/4) 


(a/4) 2 +(3a/4) 2 


1/2 


3Vl07T<3 


B P =±B Pn {-i) = 2^- 
n =\ na 


4l V2 3 1 


- + + - 


- + - 


(-k) 


2 6 VÍÕ 3VÍÕ 
_ 2(47rxlQ- 7 T-m/A) (10A) ( jj jj 3 , 1 
7t(8.0xl(T 2 m) 

= (2.0xl(T 4 T)(-k). 


- + — + 


+ - 


2 6 VÍÕ 3VÍÕ 


78. Eq. 29-17 applies for each wire, with r = ^R 2 +(d/2) (by the Pythagorean 

theorem). The vertical components of the fields cancel, and the two (identical) horizontal 
components add to yield the final result 


5 = 2 


f ju 0 i } ( d/2^ 


\2nr j 


ju Q id 


\ r ) 


2tt(r 2 +(J/2) 2 ) 


= 1.25xl0" 6 T, 


where (d/2)/r is a trigonometric factor to select the horizontal component. It is clear that 
this is equivalent to the expression in the problem statement. Using the right-hand rule, 
we find both horizontal components point in the +x direction. Thus, in unit-vector 

notation, we have B = (1 .25 x 10 T)i . 


79. The "current per unit jc-length" may be viewed as current density multiplied by the 
thickness Ay of the sheet; thus, X = JAy. Ampere' s law may be (and often is) expressed in 
terms of the current density vector as follows 

B ds = ju Q j J -dÃ 

where the area integral is over the region enclosed by the path relevant to the line integral 
(and J is in the +z direction, out of the paper). With J uniform throughout the sheet, then 
it is clear that the right-hand side of this version of Ampere' s law should reduce, in this 
problem, to /jqJA = /uoJAyAx = /uokAx. 

(a) Figure 29-85 certainly has the horizontal components of B drawn correctly at points 
P and P' (as reference to Fig. 29-4 will confirm [consider the current elements nearest 
each of those points]), so the question becomes: is it possible for B to have vertical 
components in the figure? Our focus is on point P. Fig. 29-4 suggests that the current 
element just to the right of the nearest one (the one directly under point P) will contribute 
a downward component, but by the same reasoning the current element just to the left of 
the nearest one should contribute an upward component to the field at P. The current 
elements are ali equivalent, as is reflected in the horizontal-translational symmetry built 
into this problem; therefore, ali vertical components should cancel in pairs. The field at P 
must be purely horizontal, as drawn. 

(b) The path used in evaluating §B ds is rectangular, of horizontal length Ax (the 

horizontal sides passing through points P and P' respectively) and vertical size dy > Ay. 
The vertical sides have no contribution to the integral since B is purely horizontal (so the 
scalar dot product produces zero for those sides), and the horizontal sides contribute two 
equal terms, as shown next. Ampere' s law yields 


2BAx = jU 0 ÂAx => B = —ju 0 Ã. 


80. (a) We designate the wire along y = r A = 0.100 m wire A and the wire along y = r B = 
0.050 m wire B. Using Eq. 29-4, we have 

B net = B A + B B = - k - W*- k = (-52.0 x IO 6 T)k. 
2nr A 2nr B 

(b) This will occur for some value r B < y < r A such that 

2n(r A -y) 2n(y-r B ) 
Solving, we find y = 13/160 ~ 0.0813 m. 

(c) We eliminate the y < r B possibility due to wire B carrying the larger current. We 
expect a solution in the region y > r A where 

Mo l A _ Mo l B 

2n(y-r A ) 2%{y-r B )' 


Solving, we find y = 7/40 * 0.0175 m. 


81. (a) For the circular path L of radius r concentric with the conductor 


f _ n(r 2 -b 2 ) 

b B ■ ds = 2nrB = // 0 / enc = // 0 / - ■ 
JL n[a -b ) 


Thus, B = 


/u 0 i 


( r 2 -b^ 


2n(a 2 -b 2 ) 
(b) At r = a, the magnetic field strength is 

ju 0 i 


2n(a 2 -b 2 ) 


( 2 ; 2 \ 

' a -b 1 


v fl y 


At r = b,Bxr 2 -b 2 = 0 . Finally, for £ = 0 


5 = 


2na r 2na 


which agrees with Eq. 29-20. 


(c) The field is zero for r < b and is equal to Eq. 29-17 for r > a, so this along with the 
result of part (a) pro vides a determination of B over the full range of values. The graph 
(with SI units understood) is shown below. 



0.0002 


i i i i i i i i i i i i i i i i i i i i 
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i— r 


82. (a) Ali wires carry parallel currents and attract each other; thus, the "top" wire is 
pulled downward by the other two: 


ju 0 L(5.0A)(3.2 A) ju 0 L(5.0A)(5.0A) 


27t(0.10m) 


27r(0.20m) 


where L = 3.0 m. Thus, F = U x 10 > 4 N 


(b) Now, the "top" wire is pushed upward by the center wire and pulled downward by the 
bottom wire: 


- // 0 L(5.0A)(3.2A) // 0 L(5.0A)(5.0A) 
IFI= 0 V ; — ^- — '— — V ; — ^- — ^ = 2.1xlO~ 5 N 


27r(0.10m) 


27r(0.20m) 


83. We refer to the center of the circle (where we are evaluating B ) as C. Recalling the 
straight sections discussion in Sample Problem 29-1, we see that the current in the 
straight segments which are collinear with C do not contribute to the field there. Eq. 29-9 
(with </> = n/2 rad) and the right-hand rule indicates that the currents in the two ares 
contribute 

fij(n/2) /v'(rc/2) 


4nR 4kR 


= 0 


to the field at C. Thus, the non-zero contributions come from those straight- segments 
which are not collinear with C. There are two of these "semi-infinite" segments, one a 
vertical distance R above C and the other a horizontal distance R to the left of C. Both 
contribute fields pointing out of the page (see Fig. 29-6(c)). Since the magnitudes of the 
two contributions (governed by Eq. 29-7) add, then the result is 


5 = 2 


ju 0 i 


4nR 


2kR 


exactly what one would expect from a single infinite straight wire (see Eq. 29-4). For 
such a wire to produce such a field (out of the page) with a leftward current requires that 
the point of evaluating the field be below the wire (again, see Fig. 29-6(c)). 


84. Using Eq. 29-20 and Eq. 29-17, we have 


15,1= 


2-kR 2 


r x I5 2 l 


2nn 


where r^O.OCWOm, B v = 2.8x10 4 T, r 2 = O.OlOm and \B 2 \= 2.0 x 10 T. Point 2 is 

known to be externai to the wire since I5 2 l< \B 1 \. From the second equation, we find i = 
10 A. Plugging this into the first equation yields 7? = 5.3 x 10 m. 


85. (a) The field in this region is entirely due to the long wire (with, presumably, 
negligible thickness). Using Eq. 29-17, 


B 


2nr 


= 4.8 x IO" 3 T 


where i w = 24 A and r = 0.0010 m. 

(b) Now the field consists of two contributions (which are anti-parallel) — from the wire 
(Eq. 29-17) and from a portion of the conductor (Eq. 29-20 modified for annular area): 


2nr 7.nr 7.nr 7.nr 


nr -kR 


2 \ 


where r = 0.0030 m, i?, = 0.0020 m, R 0 = 0.0040 m and i c = 24 A. Thus, we find 
I5I = 9.3x10^T. 


(c) Now, in the externai region, the individual fields from the two conductors cancel 
completely (since i c = i w ): 5 = 0. 


86. (a) The magnitude of the magnetic field on the axis of a circular loop, a distance z 
from the loop center, is given by Eq. 29-26: 


B 


N/j Q iR 2 
2(R 2 +z 2 ) 


2x3/2 


where R is the radius of the loop, ./V is the number of turns, and i is the current. Both of 
the loops in the problem have the same radius, the same number of turns, and carry the 
same current. The currents are in the same sense, and the fields they produce are in the 
same direction in the region between them. We place the origin at the center of the left- 
hand loop and let x be the coordinate of a point on the axis between the loops. To 
calculate the field of the left-hand loop, we set z = x in the equation above. The chosen 
point on the axis is a distance s - x from the center of the right-hand loop. To calculate 
the field it produces, we put z = s - x in the equation above. The total field at the point is 
therefore 


B = 


N{i Q iR 


1 


(R z +x 2 ) 312 (R z +x z -2sx + s z ) 


+ - 


1 


2x3/2 


Its derivative with respect to x is 
dB N{i Q iR 2 


dx 


3x 


(R z +x 2 ) 5 ' 2 (R z +x z -2sx + s z ) 


+ - 


3(x-s) 


2x5/2 


When this is evaluated for x = s/2 (the midpoint between the loops) the result is 


dx 


N/j Q iR 2 


s/2 


3s/2 


3s/2 


(R z +s z /4f 2 (R z + s z /4-s z + s z ) 


2x5/2 


= 0 


independent of the value of s. 
(b) The second derivative is 

d 2 B _ NjU 0 iR 2 


dx 2 


(R z +x 2 ) 5 ' 2 (R z +x z ) 


+ - 


I5x 2 


2x7/2 


(R z +x z -2sx + s 2 ) 5 ' 2 (R z +x z -2sx + s z ) 


+ - 


15(x-s) 2 


2x7/2 


At x = s/2, 

d 2 B 


dx 2 


Nju 0 iR 2 


s/2 


■ + - 


30^/4 


N Mo R 2 


(R 2 + s 2 /4) 5 ' 2 (R 2 + s 2 /4) 7 ' 2 
-6(R 2 + s 2 /4) + 30s 2 /4 


(R 2 +s 2 /4) 


7/2 


= 3NjU 0 iR z 


s 2 -R 2 
(R 2 + s 2 /4) 


7/2 


Clearly, this is zero if s = R. 


87. The center of a square is a distance R = a/2 from the nearest side (each side being of 
length L = a). There are four sides contributing to the field at the center. The result is 


88. We refer to the side of length L as the long side and that of length W as the short side. 
The center is a distance W/2 from the midpoint of each long side, and is a distance L/2 
from the midpoint of each short side. There are two of each type of side, so the result of 
Problem 29-17 leads to 

B = 2 M4 L | 2 p 0 i W 

2n{W/2) J L 2 +4 ( w/ 2f 2n{L/2) ^ +4 ( L/2 ) 2 ' 

The final forni of this expression, shown in the problem statement, derives from finding 
the common denominator of the above result and adding them, while noting that 


V W 2 + L 2 


89. We imagine the square loop in the yz plane (with its center at the origin) and the 
evaluation point for the field being along the x axis (as suggested by the notation in the 
problem). The origin is a distance a/2 from each side of the square loop, so the distance 
from the evaluation point to each side of the square is, by the Pythagorean theorem, 


R 


2 2 
+ X 


= -4a 1 + 4x 2 . 
2 


Only the x components of the fields (contributed by each side) will contribute to the final 
result (other components cancel in pairs), so a trigonometric factor of 

a/2 a 


R 4a 2 +4x 2 

multiplies the expression of the field given by the result of Problem 29-17 (for each side 
of length L = a). Since there are four sides, we find 


B(x) = 4 


f V 
2nR 


4a 2 +4R 2 


4ju Q ia z 


4a 2 +4x 2 ) 2n(\)(4a 2 +4x 2 ) 2 ^ja 2 +4(a/2) 2 +4x 2 


which simplifies to the desired result. It is straightforward to set x = 0 and see that this 
reduces to the expression found in Problem 29-87 (noting that 41 V2 = 2-J2 ). 


90. (a) Consider a segment of the projectile between y and y + dy. We use Eq. 29-12 to 
find the magnetic force on the segment, and Eq. 29-7 for the magnetic field of each semi- 
infinite wire (the top rail referred to as wire 1 and the bottom as wire 2). The current in 

rail 1 is in the +i direction, and the current in rail 2 is in the -i direction. The field (in 

the region between the wires) set up by wire 1 is into the paper (the -k direction) and 
that set up by wire 2 is also into the paper. The force element (a function of y) acting on 

the segment of the projectile (in which the current flows in the -j direction) is given 

below. The coordinate origin is at the bottom of the projectile. 



= i 


Ml ^ /V 


i dy. 


An{2R + w-y) Any 


Thus, the force on the projectile is 



(b) Using the work-energy theorem, we have 


AK = \mv) = W ext =ÍF-ds = FL. 


Thus, the final speed of the projectile is 



2(4n x 1(T 7 T • ml A)(450 x 10 3 A) ln(l + 1.2 cm/ 6.7 cm)(4.0m) 


27r(l0xl(T 3 kg) 


= 2.3xl0 3 m/s. 


91. We use Ampere' s law. For the dotted loop shown on the diagram i = 0. The integral 


B -ds is zero along the bottom, right, and top sides of the loop. Along the right side the 


field is zero, along the top and bottom sides the field is perpendicular to ds . If £ is the 
length of the left edge, then direct integration yields j) B ■ ds = BI , where B is the 

magnitude of the field at the left side of the loop. Since neither B nor £ is zero, Ampere' s 
law is contradicted. We conclude that the geometry shown for the magnetic field lines is 
in error. The lines actually bulge outward and their density decreases gradually, not 
discontinuously as suggested by the figure. 



92. In this case L = 2nr is roughly the length of the toroid so 


B - /u 0 i 0 


N 

2nr. 


/u 0 m 0 


This result is expected, since from the perspective of a point inside the toroid the portion 
of the toroid in the vicinity of the point resembles part of a long solenoid. 


93. (a) Eq. 29-20 applies for r < c. Our sign choice is such that i is positive in the smaller 
cylinder and negative in the larger one. 


5 = |4, r<c. 
2nc 2 

(b) Eq. 29-17 applies in the region between the conductors. 

B = BL c < r < b 
2nr 

(c) Within the larger conductor we have a superposition of the field due to the current in 
the inner conductor (still obeying Eq. 29-17) plus the field due to the (negative) current in 
that part of the outer conductor at radius less than r. The result is 


B = 


ju 0 i ju 0 i 


2nr 2nr 


f ..1 u2 \ 


2 i 2 

a -b 


, b <r <a. 


If desired, this expression can be simplified to read 


B = 


jU 0 l 


2nr 


( 2 2\ 

a -r 

y a 2 -b 2 j 


(d) Outside the coaxial cable, the net current enclosed is zero. So B = 0 for r > a. 

(e) We test these expressions for one case. If a — > co and b^co (such that a > b) then 
we have the situation described on page 696 of the textbook. 

(f) Using SI units, the graph of the field is shown below: 


0.0M 


0.004- 



1. (a) The magnitude of the emf is 

= ^(6-0í 2 + 7.0í) = I2t + 7.0 = 12(2.0) + 7.0 = 31mV. 

(b) Appealing to Lenz's law (especially Fig. 30-5(a)) we see that the current flow in the 
loop is clockwise. Thus, the current is to left through R. 


\s\ = 


dt 


2. (a) We use s = -d€> B /dt = -nrdB/dt. For 0 < t < 2.0 s 

' 0.5T ^ 
v 2.0s/ 


£ = -nr 2 — = -rc(0.12m) 2 
dt V ' 


= -1.1x10 2 V. 


(b) For 2.0 s < t < 4.0 s: s oc dBIdt = 0. 

(c) For 4.0 s < t < 6.0 s: 


dB , „ , 2 f -0.5T ^ 


£■ = — 7ir 2 — = -7i(0.12m) 


6.0s-4.0sj 


= 1.1 x 10 2 V 


3. The amplitude of the induced emf in the loop is 

s m =Aju 0 ni 0 (o = (6.8 x 1CT 6 m 2 )(47tx 1(T 7 T ■m/A)(85400/m)(1.28 A)(212 rad/s) 
= 1.98xlCT 4 V. 


4. Using Faraday's law, the induced emf is 


<ií dt dt dt dt 

= -27r(0.12m)(0.800T)(-0.750m/s) 

= 0.452V. 


5. The total induced emf is given by 


e = -N 2- = -NA 


dt 


\dt j 


= -NA — (ju 0 ni) = -N jU Q nA — = -N jU 0 n(7rr 2 ) — 
dt dt dt 


= -(120)(47i x 10 7 T • m/A)(22000/m) n (0.016m) 2 
= 0.16V. 


1.5 A 
0.025 s 


Ohm's law then yields i=\s\IR = 0.016 V/5.3Q = 0.030 A . 


6. The resistance of the loop is 


R = p — = (1.69x10 8 QmJ- 


;r(2.5xl(T 3 m) /4 
We use i = Id/R = \dQ> B ldt\IR = (jir 2 IR)\dBldt\. Thus 

dB 


LlxlCTÍX 


dt 


iR _ (iQA)(i.ixio^n) _ ii 

"" 2 ;r(0.05m) 2 


7. The field (due to the current in the straight wire) is out-of-the-page in the upper half of 
the circle and is into the page in the lower half of the circle, producing zero net flux, at 
any time. There is no induced current in the circle. 


8. From the datum at t = 0 in Fig. 30-41(b) we see 0.0015 A = Vbattery/K, which implies 
that the resistance is 

R = (6.00 uV)/(0.0015 A) = 0.0040 Q. 
Now, the value of the current during 10s<í<20s leads us to equate 

(Vbattery + S inducedV» = 0.00050 A. 

This shows that the induced emf is ffinduced = -4.0 uV. Now we use Faraday's law: 

d® B dB 

£ =-^r= ~ A ^=- Aa - 

Plugging in f = - 4.0 xlQT 6 V and A = 5.0 x 10~ 4 m 2 , we obtain a = 0.0080 T/s. 


9. The flux cD fi = BA cos0 does not change as the loop is rotated. Faraday's law only 
leads to a nonzero induced emf when the flux is changing, so the result in this instance is 
zero. 


10. Fig. 30-43(b) demonstrates that dB/dt (the slope of that line) is 0.003 T/s. Thus, in 
absolute value, Faraday's law becomes 


dO B _ d(BA) _ dB 

S — — — /i 

dt dt dt 

where A = 8 xlO m . We related the induced emf to resistance and current using Ohm's 
law. The current is estimated from Fig. 30-43(c) to be i = dql dt= 0.002 A (the slope of 
that line). Therefore, the resistance of the loop is 

_ M A\dBI dt\ (8.0xl0~ 4 m 2 )(0.0030 T/s) nnA1or . 
a = = = = 0.001212 . 

i i 0.0020 A 


11. (a) Let L be the length of a side of the square circuit. Then the magnetic flux through 
the circuit is 0„ = L 2 B 1 2 , and the induced emf is 


d<t> B _ L 2 dB 
dt 2 dt 

Now B = 0.042 - 0.870í and dBIdt = -0.870 T/s. Thus, 

gi = (2 - QQm)2 (0.870 T/s) = 1.74 V. 
2 

The magnetic field is out of the page and decreasing so the induced emf is 
counterclockwise around the circuit, in the same direction as the emf of the battery. The 
total emf is 

s+Si = 20.0 V + 1.74 V = 21.7 V. 


(b) The current is in the sense of the total emf (counterclockwise). 


12. (a) Since the flux arises from a dot product of vectors, the result of one sign for B\ 
and B2 and of the opposite sign for Bj, (we choose the minus sign for the flux from B\ and 
B 2 , and therefore a plus sign for the flux from 5 3 ). The induced emf is 


dt \ dt dt dt ) 
=(0.10 m)(0.20 m)(2.0 x 10~ 6 T/s + 1.0 xlO~ 6 T/s -5.0xlO~ 6 T/s) 
= -4.0xlO~ 8 V. 

The minus sign meaning that the effect is dominated by the changes in B 3 . Its magnitude 
(using Ohm's law) is \e\ IR = 8.0 uA. 

(b) Consideration of Lenz's law leads to the conclusion that the induced current is 
therefore counterclockwise. 



13. (a) It should be emphasized that the result, given in terms of sin(2n ft), could as easily 
be given in terms of cos(27t ft) or even cos(27t ft + <fi) where 0 is a phase constant as 
discussed in Chapter 15. The angular position 6 of the rotating coil is measured from 
some reference line (or plane), and which line one chooses will affect whether the 
magnetic flux should be written as BA cos0, BA sin^or BA cos(0+ 0). Here our choice is 
such that O b = BAcosO. Since the coil is rotating steadily, ^increases linearly with time. 

Thus, 6= cot (equivalent to 6= In ff) if 6* is understood to be in radians (and a> would be 
the angular velocity). Since the area of the rectangular coil is A=ab , Faraday's law leads 
to 

d(BAcos0) dcos(2n ft) . s 

s = -N — i '- = -NBA i — J -í- = N Babln f sin ( 2n ft ) 

dt dt 

which is the desired result, shown in the problem statement. The second way this is 
written (sq sm(2n ft)) is meant to emphasize that the voltage output is sinusoidal (in its 
time dependence) and has an amplitude of sq = 2nfNabB. 

(b) We solve 

s () = 150Y = 2nfNabB 

when/= 60.0 rev/s and B = 0.500 T. The three unknowns are N, a, and b which occur in 
a product; thus, we obtain N ab = 0.796 m . 


14. (a) The magnetic flux O b through the loop is given by 


O b = 25(7rr 2 /2)(cos45°) = 7rr 2 5/V2 


Thus, 


s = 


dO B _ d 


dt dt 
= 5.1xl(T 2 V. 


nr 


v V2 ) V2 


AB) 7r(3.7xl0" 2 m) 2 


At 


V2" 


0-76x10 J T 
4.5xl0" 3 s 


(a) The direction of the induced current is clockwise when viewed along the direction of 
B. 


15. (a) The frequency is 


co (40 rev/s)(2;r rad/rev) 

/ = — = - - = 40 Hz . 

2n 2n 

(b) First, we define angle relative to the plane of Fig. 30-48, such that the semicircular 
wire is in the 0=0 position and a quarter of a period (of revolution) later it will be in the 
0 = n/2 position (where its midpoint will reach a distance of a above the plane of the 
figure). At the moment it is in the 6= n/2 position, the area enclosed by the "circuit" will 
appear to us (as we look down at the figure) to that of a simple rectangle (call this area A 0 
which is the area it will again appear to enclose when the wire is in the 6= 3n/2 position). 
Since the area of the semicircle is na 12 then the area (as it appears to us) enclosed by the 
circuit, as a function of our angle 6, is 

A = A i) H costf 


where (since 6 is increasing at a steady rate) the angle depends linearly on time, which 
we can write either as 6 = cot or 0 = 2nft if we take t = 0 to be a moment when the are is 
in the 6= 0 position. Since B is uniform (in space) and constant (in time), Faraday's law 
leads to 

d ° B u dA u d K + ^ 1 2) cos °) D na 2 d cos (2nft) 

s — = B — = —B = B 

dt dt dt 2 dt 

2 2 

which yields s= Bn a fs'm(2nft). This (due to the sinusoidal dependence) reinf orces the 
conclusion in part (a) and also (due to the factors in front of the sine) provides the voltage 
amplitude: 

s m =Bx 2 af =(0.020 T);r 2 (0.020 m) 2 (40/s) = 3.2xl0~ 3 V. 


16. We note that 1 gauss = 10 4 T. The amount of charge is 

, n ^ rni ™ n , n . . ftmn 2iVflAcos20 o 

$(f ) = — [BA cos 20° - {-BA cos 20°)] = 

R R 

_ 2(1000)(0.590xlQ- 4 T)7r(0.100m) 2 (cos20 o ) 5 

85.0 Q + 140 Q 


Note that the axis of the coil is at 20°, not 70°, from the magnetic field of the Earth. 


17. First we write Og = BA cos 6. We note that the angular position 6 of the rotating coil 
is measured from some reference line or plane, and we are implicitly making such a 
choice by writing the magnetic flux as BA cos 6* (as opposed to, say, BA sin 9). Since the 
coil is rotating steadily, ^increases linearly with time. Thus, 6= cot if 6* is understood to 
be in radians (here, co = 2rc/is the angular velocity of the coil in radians per second, and/ 
= 1000 re v/min « 16.7 rev/s is the frequency). Since the area of the rectangular coil is A = 
(0.500 m) x (0.300 m) = 0.150 m 2 , Faraday's law leads to 


e = -N 


d(BAcos0) 


= -NBA 


d cos(2nft) 


NBA2nf sin(27i/í) 


dt 


dt 


which means it has a voltage amplitude of 


s 


max 


2nfNAB = 27t(l6.7rev/s)(l00turns)(0.15m 2 )(3.5T) = 5.50 x 10 3 V . 


18. To have an induced emf, the magnetic field must be perpendicular (or have a nonzero 
component perpendicular) to the coil, and must be changing with time. 

(a) For 5 = (4.00xlO~ 2 T/m);yk, dB/dt = 0 andhence^=0. 

(b) None. 

(c) For 5 = (6.00xl(T 2 T7s)rk, 

s = - = -A~^= -(0.400 m x 0.250 m)(0.0600 T/s) = -6.00 mV, 

or \â = 6.00 mV. 

(d) Clockwise. 

(e) For 5 = (8.00xlO~ 2 T/m-s);yík, 

0> B = (0.400)(0.0800í) = 1.00xl0" 3 í, 

in SI units. The induced emf is s = -d®B/dt = -1.00 mV,or \d = 1.00 mV. 

(f) Clockwise. 

(g) O B =0 => e=0. 

(h) None. 

(i) O B =0 => s = 0 
(j) None. 


19. The amount of charge is 

q(0 = ^ B (0)-O B (t)] = ^[B(0)-B(t)] = l2 ° Xl ^ m2 [1.60T-(-1.60T)] 
K K 13.0 12 

= 2.95xl(T 2 C . 


20. Since ^ cos 0 _ _^- m( j ) ^_^ Faraday's law (with A^= 1) becomes 
dt dt 

JO d(BAcosé) nl . ,dé 

s = = — = BAsm0— . 

dt dt dt 


Substituting the values given yields \s \ = 0.018 V. 


21. (a) In the region of the smaller loop the magnetic field produced by the larger loop 
may be taken to be uniform and equal to its value at the center of the smaller loop, on the 
axis. Eq. 29-27, with z = x (taken to be much greater than R), gives 


2x 3 


where the +x direction is upward in Fig. 30-50. The magnetic flux through the smaller 
loop is, to a good approximation, the product of this field and the area (nr 2 ) of the smaller 
loop: 


2 „2 


Kju 0 ir R 
2? 


(b) The emf is given by Faraday's law 


e = 


dt 


f ■ 2 D 2\ 

KjU 0 ir R 
2 , 


d_( P 
dt 


\x 3 j 


KjU Q ir R ] 


3_dx^ 
x A dt 


3nju Q ir 2 R 2 v 
2? 


(c) As the smaller loop moves upward, the flux through it decreases, and we have a 
situation like that shown in Fig. 30-5(b). The induced current will be directed so as to 
produce a magnetic field that is upward through the smaller loop, in the same direction as 
the field of the larger loop. It will be counterclockwise as viewed from above, in the same 
direction as the current in the larger loop. 


22. (a) Since B = Bi uniformly, then only the area "projected" onto the yz plane will 
contribute to the flux (due to the scalar [dot] product). This "projected" area corresponds 
to one-fourth of a circle. Thus, the magnetic flux O b through the loop is 


Thus, 


O, 


= \ÊdA = - 


nr 2 B 


\s\-- 


dt 


dJ 
dt 


-nr 2 B 
v4 


2 

Kr 

dB 

4 

dt 


1 


7r(0.10m) 2 (3.0xl0" 3 T/s) = 2.4xl0" 5 V 


(b) We have a situation analogous to that shown in Fig. 30-5(a). Thus, the current in 
segment bc flows from c to b (following Lenz's law). 


23. (a) Eq. 29-10 gives the field at the center of the large loop with R = 1.00 m and 

—4 2 

current i(t). This is approximately the field throughout the area (A = 2.00 x KT* m') 
enclosed by the small loop. Thus, with B = juqí/2R and i(t) = io + kt, where z 0 = 200 A and 


k = (-200 A - 200 A)/l .00 s = - 400 A/s, 


we find 


ai (47rxlO" 7 H/m)(200A) 

(a) B(t = 0) = ^ = ± '\ ^ = 1.26xlO" 4 T, 

2(l.00m) 


2R 


(47ixl0" 7 H/m)r200A-(400A/s)(0.500s)l 

(b) fl(í = 0.500s) = -^ ^— \ ^ = 0,and 

2(l.00m) 

(47rxl0" 7 H/m)r200A-(400A/s)(l.00s)l 

(c) fi(í = 1.00s) = ^ ^- \ ^ = -1.26xlO~ 4 T, 

2(l.00m) 


or Ifi(í = 1.00s)l = 1.26xl0- 4 T. 

(d) Yes, as indicated by the flip of sign of B(t) in (c). 

(e) Let the area of the small loop be a. Then O b = Ba, and Faraday's law yields 


£ = — 


dt 


d(Ba) 
dt 


dB 

-a — = —a 
dt 


v Aty 


= -(2.00xl0~ 4 m 2 ) 
= 5.04 x IO 8 V . 


-1.26xl0' 4 T-1.26x l0' 4 I a 
1.00 s 


24. (a) First, we observe that a large portion of the figure contributes flux which "cancels 
out." The field (due to the current in the long straight wire) through the part of the 
rectangle above the wire is out of the page (by the right-hand rale) and below the wire it 
is into the page. Thus, since the height of the part above the wire is b - a, then a strip 
below the wire (where the strip borders the long wire, and extends a distance b - a away 
from it) has exactly the equal-but-opposite flux which cancels the contribution from the 
part above the wire. Thus, we obtain the non-zero contributions to the flux: 


ln 


a 


b-a 


Faraday's law, then, (with SI units and 3 significant figures understood) leads to 


£ = — 


dt 
M 0 b 


2n 


ln 


_d_ 
dt 
a 

b-a 


M 0 ib 
2n 


ln 


a ] 
b-a j 


2n 


ln 


di 
dt 


W9 2 


dt 


r-iOí 


- M ,b(9t-\0)_^ 


2n 


b-a 


With a = 0.120 m and b = 0.160 m, then, at t = 3.00 s, the magnitude of the emf induced 
in the rectangular loop is 


\£\ = 


(4ttx10- 7 )(0.16)(9(3)-10) f 0 .12 


2n 


0.16-0.12 


= 5.98 x IO" 7 V 


(b) We note that di/dt>0 at t = 3 s. The situation is roughly analogous to that shown in 
Fig. 30-5(c). From Lenz's law, then, the induced emf (hence, the induced current) in the 
loop is counterclockwise. 


25. (a) Consider a (thin) strip of area of height dy and width £ = 0.020 m. The strip is 
located at some 0 < y < £ . The element of flux through the strip is 

d® B = BdA = (4t 2 y)(£dy) 

where SI units (and 2 significant figures) are understood. To find the total flux through 
the square loop, we integrate: 

® B =l dO B =\ f Q (4t 2 y£)dy = 2t 2 £ 3 . 

Thus, Faraday's law yields 


At t = 2.5 s, the magnitude of the induced emf is 8.0 x 10 5 V. 
(b) Its "direction" (or "sense") is clockwise, by Lenz's law. 


26. (a) We assume the flux is entirely due to the field generated by the long straight wire 
(which is given by Eq. 29-17). We integrate according to Eq. 30-1, not worrying about 
the possibility of an overall minus sign since we are asked to find the absolute value of 
the flux. 


r+bl2 
b/2 


2nr 


2n 


r + b/2 
r-b/2 


When r = 1 .5b , we have 


\o B \= 


(4n x 1(T 7 T • m/A)(4.7A)(0.022m) 
2n 


ln(2.0) = 1.4xl(T 8 Wb. 


(b) Implementing Faraday's law involves taking a derivative of the flux in part (a), and 
recognizing that dr I dt = v . The magnitude of the induced emf divided by the loop 
resistance then gives the induced current: 


^loop 

£ 

juja 

d 

R 

2nR 

dt 


-ln 


r+b/2 
r-b/2 


jujabv 


2nR[r 2 -(b/2) 2 ] 


(4^xl0" 7 T-m/A)(4.7A)(0.022m)(0.0080m)(3.2xl0" 3 m/s) 


2;r(4.0xl(r 4 Q)[2(0.0080m) 2 ] 


= 1.0xl(T 5 A 


27. (a) We refer to the (very large) wire length as L and seek to compute the flux per 
meter: O^/L. Using the right-hand rule discussed in Chapter 29, we see that the net field 
in the region between the axes of anti-parallel currents is the addition of the magnitudes 
of their individual fields, as given by Eq. 29-17 and Eq. 29-20. There is an evident 
reflection symmetry in the problem, where the plane of symmetry is midway between the 
two wires (at what we will call x = £/2 , where £ = 20mm = 0.020m); the net field at any 
point 0 < x < 1/2 is the same at its "mirror image" point i — x. The central axis of one of 
the wires passes through the origin, and that of the other passes through x = l . We make 
use of the symmetry by integrating over 0<x<£/2 and then multiplying by 2: 

ft/2 rd/2 . . r t/2 . 

O b =2| o BdA = 2j Q B(Ldx) + 2j d/2 B(Ldx) 

where d = 0.0025 m is the diameter of each wire. We will use R = d/2, and r instead of x 
in the following steps. Thus, using the equations from Ch. 29 referred to above, we find 


O, 


- 2 f."( 


r + - 


2nR 2 2n(£-r) 


r t/2 

dr+2 L 


= l-21n 
2n{ 


-R 


-R 
R 


+ ■ 


2nr 2n(£-r) 


dr 


= 0.23xl0" 5 T-m + 1.08xl0" 5 T-m 


which yields O b /L = 1.3 x IO 5 T-m or 1.3 x 10 5 Wb/m. 

(b) The flux (per meter) existing within the regions of space occupied by one or the other 
wires was computed above to be 0.23 x 10~ 5 T-m. Thus, 

1.3xl0" 5 T-m 

(c) What was described in part (a) as a symmetry plane at x = £12 is now (in the case of 
parallel currents) a plane of vanishing field (the fields subtract from each other in the 
region between them, as the right-hand rule shows). The flux in the0< x < £12 region is 
now of opposite sign of the flux in the £ 1 2 < x < £ region which causes the total flux (or, 
in this case, flux per meter) to be zero. 


28. Eq. 27-23 gives a IR as the rate of energy transfer into thermal forms (dE^/dt, which, 
from Fig. 30-55(c), is roughly 40 nJ/s). Interpreting s as the induced emf (in absolute 
value) in the single-turn loop (N = 1) from Faraday's law, we have 


_ dO B _ d (BA) _ dB 
s — — — . 1 . 

dt dt dt 

Eq. 29-23 gives B = ju 0 ni for the solenoid (and note that the field is zero outside of the 
solenoid - which implies that A = A coi i ), so our expression for the magnitude of the 
induced emf becomes 

where Fig. 30-55(b) suggests that di co {\ldt = 0.5 A/s. With n = 8000 (in SI units) and A co n 
= 7t(0.02) (note that the loop radius does not come into the computations of this problem, 
just the coil's), we find V = 6.3 uV. Returning to our earlier observations, we can now 

2 

solve for the resistance: R = s /(dE th /dt) =1.0 mfí. 


29. Thermal energy is generated at the rate P = í?IR (see Eq. 27-23). Using Eq. 27-16, the 

—8 

resistance is given by R = pLIA, where the resistivity is 1.69 x 10 Q-m (by Table 27-1) 
and A = nd 2 /4 is the cross-sectional area of the wire (d = 0.00100 m is the wire thickness). 
The area enclosed by the loop is 

í j \ 2 

Aoop = ^loop = K 


\2%j 


since the length of the wire (L = 0.500 m) is the circumference of the loop. This enclosed 
area is used in Faraday's law (where we ignore minus signs in the interest of finding the 
magnitudes of the quantities): 


a = 


dt 


= A 


loop 


dB _ L dB 

dt 4n dt 


where the rate of change of the field is dBIdt = 0.0100 T/s. Consequently, we obtain 


e l (L z lAn) 1 (dBIdt) 1 d 2 Ú(dB\ (l.OOxlO"' m) z (0.500 m) J 


P = — = . 
R 


pL/(7rd 2 /4) 64ttp 


dt 


64^-(1.69xl0- 8 Q-m) 


(0.0100 T/s) 2 


= 3.68xlO~ 6 W 


30. Noting that IABI = B, we find the thermal energy is 


P At = 

1 thermal ^ 


s 2 At 
R 


1 

f 

dO B ^ 

2 

1 

( 




At = 




R 


dt j 


R 

\ 

At ) 


At 


A B 
RAt 


(2.00xl0^m 2 ) 2 (17.0xl(r 6 T) 2 
(5.21xl(T 6 Q)(2.96xl(r 3 s) 


= 7.50xl(T 10 J 


31.(a)Eq. 30-8 leads to 

s = BLv = (0.350 T)(0.250 m)(0.55 m/s) = 0.0481 V . 

(b) By Ohm's law, the induced current is i = 0.0481 V/18.0 Q = 0.00267 A. By Lenz's 
law, the current is clockwise in Fig. 30-56. 

(c) Eq. 26-22 leads to P = i 2 R = 0.000129 W. 


32. (a) The "height" of the triangular area enclosed by the rails and bar is the same as the 
distance traveled in time v: d = vt, where v = 5.20 m/s. We also note that the "base" of 
that triangle (the distance between the intersection points of the bar with the rails) is 2d. 
Thus, the area of the triangle is 

A = ^-(base)(height) = ^(2vt)(vt) = v 2 t 2 . 

Since the field is a uniform B = 0.350 T, then the magnitude of the flux (in SI units) is 

O b = BA = (0.350)(5.20)¥ = 9.46í 2 . 
At t = 3.00 s, we obtain O b = 85.2 Wb. 

(b) The magnitude of the emf is the (absolute value of) Faraday's law: 

d&n „^dt 2 
s = — ^ = 9.46 — = 18.9/ 
dt dt 

in SI units. At t = 3.00 s, this yields e = 56.8 V. 

(c) Our calculation in part (b) shows that n = 1. 


33. (a) Eq. 30-8 leads to 

s = BLv = (1.2T)(0.10 m)(5.0 m/s) = 0.60 V . 

(b) By Lenz's law, the induced emf is clockwise. In the rod itself, we would say the emf 
is directed up the page. 

(c) By Ohm's law, the induced current is i = 0.60 V/0.40 Q = 1.5 A. 

(d) The direction is clockwise. 

(e) Eq. 27-22 leads to P = i 2 R = 0.90 W. 

(f) From Eq. 29-2, we find that the force on the rod associated with the uniform magnetic 
field is directed rightward and has magnitude 

F = iLB = (1.5 A)(0.10 m)(1.2 T) = 0.18 N . 

To keep the rod moving at constant velocity, therefore, a leftward force (due to some 
externai agent) having that same magnitude must be continuously supplied to the rod. 

(g) Using Eq. 7-48, we find the power associated with the force being exerted by the 
externai agent: 

p = Fv = (0.18 N)(5.0 m/s) = 0.90 W, 
which is the same as our result from part (e). 


34. Noting that F net = BiL -mg = 0, we solve for the current: 


mg _ 

\s\_ 

1 


B 

dA 

Bv,L 

BL 

R ~ 

R 

dt 

~ R 

dt 

R 


2 2 

which yields v t = mgRIB L . 


35. (a) Letting x be the distance from the right end of the rails to the rod, we find an 
expression for the magnetic flux through the area enclosed by the rod and rails. By Eq. 
29-17, the field is B = juaillnr, where r is the distance from the long straight wire. We 
consider an infinitesimal horizontal strip of length x and width dr, parallel to the wire and 
a distance r from it; it has area A = x dr and the flux is 


d<& B =BdA = -^- xdr . 
B 2nr 


By Eq. 30-1, the total flux through the area enclosed by the rod and rails is 


O, 


jU Q ix r fl+i dr _ /jjx 


2n 


2n 


ln 


a + L 


According to Faraday's law the emf induced in the loop is 


_dO B _ju 0 i dx ( a + L*] uJv , ( a + L^ 


s = — = — ln 

dt 2k dt 


a ) 


= ^ln 
2n 


V a ) 

(4tix10 7 T-m/A)(l00A)(5.00m/s) f 

ln 

2n 


l.OOcm + lO.Ocm 
l.OOcm 


= 2.40xlO~ 4 V. 


(b) By Ohm's law, the induced current is 

i ( =elR = (2.40xl0 4 v)/(0.400fi) = ó.OOxlO" 4 A. 

Since the flux is increasing the magnetic field produced by the induced current must be 
into the page in the region enclosed by the rod and rails. This means the current is 
clockwise. 

(c) Thermal energy is being generated at the rate 

p = i]R = (6.00 x IO" 4 A)' (0.400 Q) = 1 .44 x IO 7 W. 

(d) Since the rod moves with constant velocity, the net force on it is zero. The force of the 
externai agent must have the same magnitude as the magnetic force and must be in the 
opposite direction. The magnitude of the magnetic force on an infinitesimal segment of 
the rod, with length dr at a distance r from the long straight wire, is 


dF B = i t B dr = ( ju 0 i t i 1 2nr) dr. 


We integrate to find the magnitude of the total magnetic force on the rod: 


2n 


f 


2n 


(47rxlO" 7 T-m/A)(6.00xl0 4 A)(100A) ^ t 


2k 


l.OOcm + lO.Ocm^ 
1.00 cm 


= 2.87 x IO 8 N. 


Since the field is out of the page and the current in the rod is upward in the diagram, the 
force associated with the magnetic field is toward the right. The externai agent must 
therefore apply a force of 2.87 x 10 N, to the left. 

(e) By Eq. 7-48, the externai agent does work at the rate 


P = Fv = (2.87 x 10" 8 N)(5.00 m/s) = 1.44 x IO" 7 W. 


This is the same as the rate at which thermal energy is generated in the rod. AU the 
energy supplied by the agent is converted to thermal energy. 


36. (a) For path 1, we have 

^ J g.j ? = _^ L = ^_( 5iA ) = A 1 ^ = ^r 1 2 ^ = ^(0.200m) 2 (-8.50xl0- 3 
dt dt dt dt 

= -1.07xlO~ 3 V 

(b) For path 2, the result is 

j> É ■ ds = -*Sbú, = n rl é!k = n (0.300m) 2 (-8.50x IO 3 T/s) = -2.40x 10" 
dt dt 

(c) For path 3, we have 

§E ■ ds = <f>£ -ds-§É-ds = -1.07 x IO" 3 V - (-2.4 x IO" 3 V) = 1.33 x 10 3 


37. (a) The point at which we are evaluating the field is inside the solenoid, so Eq. 30-25 
applies. The magnitude of the induced electric field is 


E = - — r = - (6.5 x 1(T 3 T/ s)(0.0220 m) = 7.15 x 1(T 5 V / m. 
2 dt 2 V A ; 

(b) Now the point at which we are evaluating the field is outside the solenoid and Eq. 30- 
27 applies. The magnitude of the induced field is 

IdBR 2 1/ , v (0.0600 m) 2 , 

E = — = - 6.5 x 10~ 3 T / s ^ V = 1.43 x 10~ 4 V / m 

2 dt r 2 V ' (0.0820 m) 


38. From the "kink" in the graph of Fig. 30-61, we conclude that the radius of the circular 
region is 2.0 cm. For values of r less than that, we have (from the absolute value of Eq. 
30-20) 

. JO B d (BA) dB 2 

E(2nr) = 9- = — — - = A — = nra 

dt dt dt 

which means that E/r = a/2. This corresponds to the slope of that graph (the linear 
portion for small values of r) which we estimate to be 0.015 (in SI units). Thus, 
a = 0.030 T/s. 


39. The magnetic field B can be expressed as 

B(t) = B Q + B l sm(cot + ^ 0 ), 


where B 0 = (30.0 T + 29.6 T)/2 = 29.8 T and B 1 = (30.0 T - 29.6 T)/2 = 0.200 T. Then 
from Eq. 30-25 


E = 


1 


Ub^ 


rd 1 
r = — — [5 0 + 5j sin(<yí + ^ 0 )] = — 5,<yr cos(<z>í + ^ 0 ). 


We note that a>=2nf and that the factor in front of the cosine is the maximum value of 
the field. Consequently, 


£max =|5 1 (27r/)r = ^(0200T)(27r)(l5Hz)(l.6xlO" 2 m) = 0.15 V/m. 


40. Since N<& B = Li, we obtain 


41. (a) We interpret the question as asking for N multiplied by the flux through one turn: 

O turns = NO B = NBA = NB(nr 2 ) = (30.0)(2.60 x IO" 3 T)(7t)(0.100m) 2 = 2.45 x 1CT 3 Wb. 
(b) Eq. 30-33 leads to 

L = ^ = 2-45x10- Wb = 

i 3.80 A 


42. (a) We imagine dividing the one-turn solenoid into N small circular loops placed 
along the width W of the copper strip. Each loop carries a current Az = i/N. Then the 
magnetic field inside the solenoid is 


B = ju 0 nAi = ju a 


f NV // 0 í_(47rxlO" 7 T-m/A)(0.035A) 


i 


W 


0.16m 


= 2.7xlO~ 7 T. 


(b) Eq. 30-33 leads to 


O b kR 2 B nR 2 ({i 0 i/W) kju 0 R 2 ^(4tix10" 7 T-m/A)(0.018m) 2 on 
, — — — — — — o. UxlU ri. 


w 


0.16m 


43. We refer to the (very large) wire length as l and seek to compute the flux per meter: 
O b / £. Using the right-hand rule discussed in Chapter 29, we see that the net field in the 
region between the axes of antiparallel currents is the addition of the magnitudes of their 
individual fields, as given by Eq. 29-17 and Eq. 29-20. There is an evident reflection 
symmetry in the problem, where the plane of symmetry is midway between the two wires 
(at x = d/2); the net field at any point 0 < x < d/2 is the same at its "mirror image" point 
d - x. The central axis of one of the wires passes through the origin, and that of the other 
passes through x = d. We make use of the symmetry by integrating over 0 < x < d/2 and 
then multiplying by 2: 

O b = 2^' 2 B dA = 2 J" B(£dx) + 2 j"" 2 B (£ dx) 

where d = 0.0025 m is the diameter of each wire. We will use r instead of x in the 
following steps. Thus, using the equations from Ch. 29 referred to above, we find 


-^ = 2 í 

o Jo 


2tt 


JU Q 1 


r + - 


2na 2 2n{d-r) 

\ fd-a^ 
1-2 ln 



2itr 2n(d-r) 


dr 


where the first term is the flux within the wires and will be neglected (as the problem 
suggests). Thus, the flux is approximately O b « ju 0 i£ I ti ln((j -a)l a). Now, we use Eq. 
30-33 (with /V = 1) to obtain the inductance per unit length: 


£ ã n 


d —a 


(47ixlO" 7 T-m/A) 


ln 


71 


142-1.53 
1.53 


= 1.81xlO" 6 H/m. 


44. Since s = -L(di/dt), we may obtain the desired induced emf by setting 


di s 60 V .... 

— = = = -5.0A/s, 

dt L 12H 

or \dil dt\ = 5.0 A/s. We might, for example, uniformly reduce the current from 2.0 A to 
zero in 40 ms. 


45. (a) Speaking anthropomorphically, the coil wants to fight the changes — so if it wants 
to push current rightward (when the current is already going rightward) then i must be in 
the process of decreasing. 


(b) From Eq. 30-35 (in absolute value) we get 


L = 


di I dt 


17 V 
2.5kA/s 


= 6.8 x 10 4 H. 


46. During periods of time when the current is varying linearly with time, Eq. 30-35 (in 
absolute values) becomes I s 1= L I Ai/ At I . For simplicity, we omit the absolute value 
signs in the folio wing. 


(a) For 0 < t < 2 ms, 


Az (4.6H)(7.0A-0) 4 

s=L— = ± ^ -. ^ = 1.6xl0 4 V. 

At 2.0 x 10 s 


(b) For 2 ms < t < 5 ms, 

Ai (4.6H)(5.0A-7.0A) , 

£= L — = V - A r z '- = 3.1 x 10 V. 

Aí (5.0-2.0)l0~ 3 s 


(c) For 5 ms < í < 6 ms, 

p = T, 

At (6.0-5.0)l0~ 3 s 


Ai (4.6H)(0-5.0A) 4 

e = L— = \ ^- = 2.3x IO 4 V. 


47. (a) Voltage is proportional to inductance (by Eq. 30-35) just as, for resistors, it is 
proportional to resistance. Since the (independent) voltages for series elements add (Vi + 
V2), then inductances in series must add, L eq =L l +L 2 , just as was the case for resistances. 

Note that to ensure the independence of the voltage values, it is important that the 
inductors not be too close together (the related topic of mutual inductance is treated in 
§30-12). The requirement is that magnetic field lines from one inductor should not have 
significant presence in any other. 


ZN 
n=\ n 


48. (a) Voltage is proportional to inductance (by Eq. 30-35) just as, for resistors, it is 
proportional to resistance. Now, the (independent) voltages for parallel elements are 
equal (V\ = Vi), and the currents (which are generally functions of time) add (t) + h (t) 
= i(t)). This leads to the Eq. 27-21 for resistors. We note that this condition on the 
currents implies 

di x {t) di 2 (t) _di(t) 
dt dt dt 

Thus, although the inductance equation Eq. 30-35 involves the rate of change of current, 
as opposed to current itself, the conditions that led to the parallel resistor formula also 
applies to inductors. Therefore, 

111 

Note that to ensure the independence of the voltage values, it is important that the 
inductors not be too close together (the related topic of mutual inductance is treated in 
§30-12). The requirement is that the field of one inductor not to have significant influence 
(or "coupling") in the next. 

1 N 1 

(b) Just as with resistors, — = ^ — . 


49. Using the results from Problems 30-47 and 30-48, the equivalent resistance is 

, . , , , UU ™„ t t 1cn t t (50.0mH)(20.0mH) 

L =L+L,+L^=L,+L,+ — 2_J_ = 30.0mH + 15.0mH + - 

eq M 4 23 1 L 2 +L 3 50.0mH + 20.0mH 

= 59.3 mH. 


50. (a) Immediately after the switch is closed s- s L = iR. But i = 0 at this instant, so Sl 
s, or Sl/s= 1.00 


(b) s L (t) = se-' /TL =se- l " TjTL =ee~ lsl = 0.135*, or ^/f= 0.135. 


,-2-0t l /t l _ -2.0 


(c) From s L (t) = se we obtain 


= ln 


\ £ L J 


= ln2 => í = r L ln2 = 0.693r L => tlr L =0.693. 


51. Starting with zero current at t = 0 (the moment the switch is closed) the current in the 
circuit increases according to 



where tl = L/R is the inductive time constant and s is the battery emf. To calculate the 
time at which i = 0.9990s/R, we solve for t: 

0.990^ = -| (l-e" ri ) => ln(0.0010) = -(í/r) => í/r L = 6.91. 


52. The steady state value of the current is also its maximum value, e/R, which we denote 
as i m . We are told that i = i m /3 at to = 5.00 s. Eq. 30-41 becomes i = i m which 
leads to 

ín 5.00s 


53. The current in the circuit is given by i = i Q e í/ri , where z'o is the current at time t = O 

and tl is the inductive time constant (L/R). We solve for x L . Dividing by io and taking the 
natural logarithm of both sides, we obtain 


This yields 


ln 


f ■ \ 
i 


v z oy 


1.0 s 


In(i7i 0 ) ln((l0xl0" 3 A)/(l.0A)) 


= 0.217 s. 


Therefore, R = L/z L = 10 H/0.217 s = 46 Q. 


54. From the graph we get O/z = 2 xlO 4 in SI units. Therefore, with N = 25, we find the 
self-inductance is L = iVO/z = 5 x 10 H. From the derivative of Eq. 30-41 (or a 
combination of that equation and Eq. 30-39) we find (using the symbol V to stand for the 
battery emf) 

di V R ,u V fu _ . ..... 


55. (a) If the battery is switched into the circuit at t = 0, then the current at a later time t is 
given by 



where Tl = L/R. Our goal is to find the time at which i = O.SOOs/R. This means 

0.800 = \-e tlXL => e-" TL =0.200. 
Taking the natural logarithm of both sides, we obtain -(í/tl) = ln(0.200) = -1.609. Thus, 


t = 1.609 r L = 


1.609 L _ 1.609(6.30 x 10 6 H) 
R 1.20 x 10 3 Q 


= 8.45xl0" 9 s . 


(b) At t = 1.0 tl the current in the circuit is 



56. (a) The inductor prevents a fast build-up of the current through it, so immediately 
after the switch is closed, the current in the inductor is zero. It follows that 

s 100V ,„ A 
i, = = = 3. 33 A. 

R x +R 2 10.0Q+20.0Q 

(b) i 2 = i x = 3.33 A. 

(c) After a suitably long time, the current reaches steady state. Then, the emf across the 
inductor is zero, and we may imagine it replaced by a wire. The current in R3 is i\ - h. 
Kirchhoffs loop rule gives 

s - i x R x -(/, - i 2 ) R 3 =0. 
We solve these simultaneously for i\ and i 2 , and find 

e(R 2 +R 3 ) _ (100V)(20.0Q + 30.0Q) 

h ~ R^+R^+R^ ~ (10.0Q)(20.0Q) + (10.0Q)(30.0Q) + (20.0Q)(30.0Q) 
= 4.55 A, 

(d) and 

h ~ R^+R^+R^ ~ (10.0Q)(20.0Q) + (10.0Q)(30.0Q) + (20.0Q)(30.0Q) 
= 2.73A. 

(e) The left-hand branch is now broken. We take the current (immediately) as zero in that 
branch when the switch is opened (that is, i\ = 0). 

(f) The current in i? 3 changes less rapidly because there is an inductor in its branch. In 
fact, immediately after the switch is opened it has the same value that it had before the 
switch was opened. That value is 4.55 A - 2.73 A = 1.82 A. The current in R2 is the same 
but in the opposite direction as that in R 3 , i.e., i 2 = -1.82 A. 

A long time later after the switch is reopened, there are no longer any sources of emf in 
the circuit, so ali currents eventually drop to zero. Thus, 

(g) z'i = 0, and 

(h) i 2 = 0. 


(100V)(30.0Q) 


57. (a) Before the fuse blows, the current through the resistor remains zero. We apply the 
loop theorem to the battery-fuse-inductor loop: s—L dildt = 0. So i = st/L. As the fuse 
blows at t = to, i = io = 3.0 A. Thus, 

t _^_ (3-0A)(5.0H) _ l5s 
0 e 10V 


(b) We do not show the graph here; qualitatively, it would be similar to Fig. 30-15. 


58. Applying the loop theorem 


s-L 


\dtj 


= iR , 


we solve for the (time-dependent) emf, with SI units understood: 


s = L— +iR = L— (3.0+5.0í)+(3.0+5.0í)i? = (6.0)(5.0)+(3.0+5.0í)(4.0) 
dt dt 

= (42 + 20í). 


59. (a) We assume i is from left to right through the closed switch. We let i\ be the 
current in the resistor and take it to be downward. Let i 2 be the current in the inductor, 
also assumed downward. The junction rule gives i = i\ + i 2 and the loop rule gives i\R - 
L(di 2 /dt) = 0. According to the junction rule, (di\ldt) = - (di 2 /dt). We substitute into the 
loop equation to obtain 


This equation is similar to Eq. 30-46, and its solution is the function given as Eq. 30-47: 


where i 0 is the current through the resistor at t = 0, just after the switch is closed. Now 
just after the switch is closed, the inductor prevents the rapid build-up of current in its 
branch, so at that moment i 2 = 0 and i\ = i. Thus i 0 = i, so 


L 


di 


+ LR = 0. 


dt 


-Rt/L 



(b) When i 2 = i\, 


e - R <' L =l- e - R,/L 


-Rt/L 


1 


=> e 


2 


Taking the natural logarithm of both sides (and using ln(l/2) = -ln 2) we obtain 


= ln2 ^> t = — ln2. 

R 


60. (a) Our notation is as follows: h is the height of the toroid, a its inner radius, and b its 
outer radius. Since it has a square cross section, h = b - a = 0.12 m - 0.10 m = 0.02 m. 
We derive the flux using Eq. 29-24 and the self-inductance using Eq. 30-33: 


BdA = \ 

a Ja 


2nr 


hdr 


_ ju (j Nih 
2n 


ln 


and 


V 0 N 2 h ln (b^ 


2n 


Now, since the inner circumference of the toroid is / = 2na = 2n(l0 cm) « 62.8 cm, the 
number of turns of the toroid is roughly « 62.8 cm/1.0 mm = 628. Thus 


L _ ju Q N 2 h ^ (b \ , (4ttx IO' 7 H/m) (628) 2 (0.02m) (yí 


2n 


\ a . 


2n 


Uo. 


= 2.9xlO" 4 H. 


(b) Noting that the perimeter of a square is four times its sides, the total length £ of the 
wire is t = (628)4(2.0 cm) = 50 m , the resistance of the wire is 


R = (50 m)(0.02 Q/m) = 1.0 0. 


Thus, 


L 2.9 x 10 4 H 


61. From Eq. 30-49 and Eq. 30-41, the rate at which the energy is being stored in the 
inductor is 


dt 


dt 


£_L e -'/'i 


s 
R 


where z L = L/R has been used. From Eq. 26-22 and Eq. 30-41, the rate at which the 
resistor is generating thermal energy is 


We equate this to dU B /dt, and solve for the time: 

2 2 

— (l-e~ ,,TL f=— {l-e~ ,/TL )e~ ,/TL => t = r L ln 2 = (37.0ms)ln 2 = 25.6ms. 


62. Let U B (t) = \Li 2 {t) . We require the energy at time t to be half of its final value: 
U{t) = \U B {t->ao) = \ Li) . This gives i(f) = i f /yf2. But i(t) = i f (l-e~" TL ) , so 


63. (a) If the battery is applied at time t = O the current is given by 


;=^(i- e -"<)> 


where a is the emf of the battery, R is the resistance, and tl is the inductive time constant 
(L/R). This leads to 


-'1*1 — 1 . 


iR 


= ln 


Since 


ln 


iR\ 


= ln 


(2.00xlCr 3 A)(l0.0xl0 3 Q) 


50.0 V 


= -0.5108, 


the inductive time constant is 


tl = í/0.5108 = (5.00 x IO 3 s)/0.5108 = 9.79 x 10 3 s 


and the inductance is 


L=t l R = (9.79 x IO" 3 s) (10.0 x 10 3 Q) = 97.9 H . 


(b) The energy stored in the coil is 


[/ B =i-Lz 2 =|(97.9H)(2.00x IO" 3 A) 2 = 1.96 x IO" 4 J. 


64. (a) From Eq. 30-49 and Eq. 30-41, the rate at which the energy is being stored in the 
inductor is 


dU B _ d (i Li2 )_ T . di 


Li — = L 


f s 


R 


-'Aí 


R 


dt dt dt 
Now, 

r L = L/R = 2.0 H/10 Q = 0.20 s 
and s= 100 V, so the above expression yields dUsIdt = 2.4 x IO 2 W when t = 0.10 s. 

(b) From Eq. 26-22 and Eq. 30-41, the rate at which the resistor is generating thermal 
energy is 

At t = 0.10 s, this yields Pthermai = 1.5 x IO 2 W. 

(c) By energy conservation, the rate of energy being supplied to the circuit by the battery 
is 

^ ttery = ^e rmal +^ = 3.9xl0 2 W. 

We note that this result could alternatively have been found from Eq. 28-14 (with Eq. 30- 
41). 


65. (a) The energy delivered by the battery is the integral of Eq. 28-14 (where we use 
30-41 for the current): 


j;w=í:|(i-^"')*= 


s 
R 


t + -(e- Rt/L -l) 


(ío.ov) 2 


6.70 Q 
= 18.7 J. 


2.00 s + 


(5.50H)(e- (6 ' 7on)(200s)/5 ' 50H -l) 


6.70 Q 


(b) The energy stored in the magnetic field is given by Eq. 30-49 

l T .?/\ 1 r í -fiV/í \ 2 1 


U B =^(t) = ^j (l-e-V) =^(5.50H) 
= 5.10 J . 


M0.0V A 


6.70 Q 


l-e 


-(6.70 n)(2.00 s)/5.50 H " 


(c) The difference of the previous two results gives the amount "lost" in the resistor: 
18.7 J- 5.10 J= 13.6 J. 


66. It is important to note that the x that is used in the graph of Fig. 30-7 l(b) is not the x 
at which the energy density is being evaluated. The x in Fig. 30-7 l(b) is the location of 
wire 2. The energy density (Eq. 30-54) is being evaluated at the coordinate origin 
throughout this problem. We note the curve in Fig. 30-7 l(b) has a zero; this implies that 
the magnetic fields (caused by the individual currents) are in opposite directions (at the 
origin), which further implies that the currents have the same direction. Since the 
magnitudes of the fields must be equal (for them to cancel) when the x of Fig. 30-7 l(b) is 
equal to 0.20 m, then we have (using Eq. 29-4) B\ = B% or 

/Vi _ /V2 
2nd ~ 2;r(0.20 m) 

which leads to d =(0.20 m)/3 once we substitute \ =i 2 /3 and simplify. We can also 
use the given fact that when the energy density is completely caused by B\ (this occurs 
when x becomes infinitely large because then B 2 = 0) its value is ub = 1.96 x 10 9 (in SI 
units) in order to solve for B\\ 

(a) This combined with B 1 = /j, 0 i x l2nd allows us to find wire l's current: i l « 23 mA. 

(b) Since i 2 = 3z'i then i 2 = 70 mA (approximately). 


67. We set \B 2 1 'ju Q and solve for the magnitude of the electric field: 


E = 


B 


0.50 T 


V £ oA> ^(8.85 x 10 12 F/m)(47r x IO" 7 H/m) 


= 1.5 x 10 8 V/m 


68. The magnetic energy stored in the toroid is given by U B =\Li 2 , where L is its 
inductance and i is the current. By Eq. 30-54, the energy is also given by Ub = ubV, 
where u B is the average energy density and V is the volume. Thus 


69. (a) At any point the magnetic energy density is given by ub = B 2 /2/Jo, where B is the 
magnitude of the magnetic field at that point. Inside a solenoid B = /Joni, where n, for the 
solenoid of this problem, is 

n = (950 turns)/(0.850 m) = 1.118 x 10 3 m -1 . 
The magnetic energy density is 

u B =^M 0 n 2 i 2 =|(47rxlO" 7 T-m/A)(l.ll8xl0 3 m 1 ) 2 (6.60A) 2 = 34.2J/m 3 . 

(b) Since the magnetic field is uniform inside an ideal solenoid, the total energy stored in 
the field is Ub = ubV, where V is the volume of the solenoid. V is calculated as the 
product of the cross-sectional area and the length. Thus 



70. (a) The magnitude of the magnetic field at the center of the loop, using Eq. 29-9, is 


= / / 0 / = (47rxlQ- 7 H/m)(l00A) _ i 
2R 2(50 x 10 3 m) 


(b) The energy per unit volume in the immediate vicinity of the center of the loop is 

B 2 (l.3xlO~ 3 T) 2 

u B = = -) ^ = 0.63 J/m 3 . 

2ju 0 2(471 x IO" 7 H/m) 


71. (a) The energy per unit volume associated with the magnetic field is 


B 1 


í -\ 2 


= ^>xl0^ m )(lOA)' ^ 


2ju 0 2ju 0 ^2RJ 8# z 8(2.5xl0- 3 m/2) 


(b) The electric energy density is 


u E =\s^=^{pj) 2 =^ 
= 4.8x10 15 J/m 3 . 


r *Çl =I(8.85xl0- 12 F/m) [(l0A)(3.3Q/l0 3 m)] 2 


Here we used J = i/A and R = plj 'A to obtain pj = iR/£ . 


72. We use s 2 


= -M dhldt « MWIM to find M: 


M = 


30xl0 3 V 


Az, /At 6.0A/(2.5x10" 3 s) 


= 13H 


73. (a) Eq. 30-65 yields 


£ \ 25.0 mV . „ 

M = l — = = 1.67 mH 

\di 2 /dt\ 15.0 A/s 


(b) Eq. 30-60 leads to 

7V 2 <D 2] = Mi, = (1.67 mH)(3.60A) = 6.00mWb 


74. (a) The flux in coil 1 is 


Li (25mH)(6.0mA) 
N, 100 


(b) The magnitude of the self-induced emf is 


(c) In coil 2, we find 


L 1 ^ = (25mH)(4.0A/s) = 1.0xl0 2 mV. 


Mi (3.0mH)(6.0mA) 
(D 21 =— ^ !± ^ = 90nWb 

21 N 2 200 


(d) The mutually induced emf is 


£ 21 =M^ = (3.0mH)(4.0A/s) = 12mV. 
dt 


75. (a) We assume the current is changing at (nonzero) rate dildt and calculate the total 
emf across both coils. First consider the coil 1. The magnetic field due to the current in 
that coil points to the right. The magnetic field due to the current in coil 2 also points to 
the right. When the current increases, both fields increase and both changes in flux 
contribute emf s in the same direction. Thus, the induced emf's are 

s, = -(L + M)— and s 7 = -ÍL, + M)— . 

Therefore, the total emf across both coils is 

s = s 1 +s 2 = -(Lj + L 2 + 2M) — 

dt 

which is exactly the emf that would be produced if the coils were replaced by a single 
coil with inductance L eq = L\ + L 2 + 2M. 

(b) We imagine reversing the leads of coil 2 so the current enters at the back of coil rather 
than the front (as pictured in the diagram). Then the field produced by coil 2 at the site of 
coil 1 is opposite to the field produced by coil 1 itself. The fluxes have opposite signs. An 
increasing current in coil 1 tends to increase the flux in that coil, but an increasing current 
in coil 2 tends to decrease it. The emf across coil 1 is 


Similarly, the emf across coil 2 is 


The total emf across both coils is 


, 2 =-(Z,-M)| 


s = -(L+L, -2M)— . 
y 1 2 ' dt 

This the same as the emf that would be produced by a single coil with inductance 


L eq = Li + L 2 - 2M. 


76. (a) The coil-solenoid mutual inductance is 


M = M CS = — = — ^ ^ = ju Q nR nN . 

(b) As long as the magnetic field of the solenoid is entirely contained within the cross- 
section of the coil we have O sc = BAs = B s nR , regardless of the shape, size, or possible 
lack of close-packing of the coil. 


77. The flux over the loop cross section due to the current i in the wire is given by 


C a +b fi+b II Jl 

®= B wk Jdr= ^dr = 
j a J a 2nr 


Thus, 


M = 


NO_N Mo l ln 
i 2n 


2n 
b 


í 


ln 


1 + - 

V aj 


( 

1 + 

v a 


From the formula for M obtained above, we have 


M = 


(100) (4k x IO" 7 H/m) (0.30 m) 


2k 


ln 


1 + M 
v LO j 


= 1.3 x 10 H 


78. In absolute value, Faraday's law (for a single turn, with B changing in time) gives 

dO R d (BA) i dB n2 dB 

= — — - = A — = kR — 

dt dt dt dt 

2 

for the magnitude of the induced emf. Dividing it by R then allows us to relate this to 
the slope of the graph in Fig. 30-75(b) [particularly the first part of the graph], which we 
estimate to be 80 uV/m 2 . 

(a) Thus, ^ = (80 uV/m 2 )/7t * 25 uT/s . 

(b) Similar reasoning for region 2 (corre sponding to the slope of the second part of the 
graph in Fig. 30-75(b)) leads to an emf equal to 


Kr, 


dB, dB n 


dt dt 


+ kR 


dB 2 
dt 


dB 

which means the second slope (which we estimate to be 40 uV/m 2 ) is equal to k — - 

dt 

dB 


Therefore, = (40 uV/m z )/7t ~ 13 uT/s. 


(c) Considerations of Lenz's law leads to the conclusion that B 2 is increasing. 


79. The induced electric field E as a function of r is given by E(r) = (r/2)(dB/dt). 

(a) The acceleration of the electron released at point a is 

. «E: er fdBV (l.60xl0 19 C)(5.0xl(r 2 m)(l0xl(r 3 T/s) , 

a = — 1 = i = - '-r -1= 4.4x10 m/s 1. 

m 2m [ dt J 2(9.11xl(T 27 kg) 

(b) At point b we have cib °c r& = 0. 

(c) The acceleration of the electron released at point c is 

a c = -ã a = -(4.4x IO 7 m/s 2 )i . 


80. (a) From Eq. 30-35, we find L = (3.00 mV)/(5.00 A/s) = 0.600 mH. 

(b) Since NO = ih (where O = 40.0 |^Wb and i = 8.00 A), we obtain N = 120. 


8 1 . (a) The magnitude of the average induced emf is 


dt 


AO, 


Aí 


BA, _(2.0T)(0.20m) 2 
t ~ 0.20s 


= 0.40V. 


(b) The average induced current is 


Z avg 


0.40 V 
R 20x10 3 Q 


= 20A. 


82. Since A = £ 2 , we have dAI dt = lldildt . Thus, Faraday's law, with N = l,becomes 

g= d ® B= d(BA) = B dA = 2£B d£ 
dt dt dt dt 

which yields £=0.0029 V. 


83. The energy stored when the current is i is 


U„ =-Li 2 
B 2 

where L is the self-inductance. The rate at which this is developed is 

dU „ _ . di 

- = Li — 

dt dt 

where i is given by Eq. 30-41 and dildt is obtained by taking the derivative of that 
equation (or by using Eq. 30-37). Thus, using the symbol V to stand for the battery 
voltage (12.0 volts) and R for the resistance (20.0 Q), we have, at t = 1.61r L , 

Mjl = YLh - ) e*'*L = (12 - 0V)2 (l - e~ lM ) e x 61 = 1 . 15 W . 
dt R y J 20.0Q v ' 


84. We writez = i () e t,Th and note that i = 10% i 0 . We solve for t: 


t = t l ln 


\i ) 


= — ln 
R 


\i ) 


2.00 H 
3.00Q 


ln 

v 


0.100/, 


85. (a) When switch S is just closed, V x = sand h = slR x = 10 V/5.0 Q = 2.0 A. 

(b) Since now El = s, we have i 2 = 0. 

(c) z'.v = h + h = 2.0 A + 0 = 2.0 A. 

(d) Since V L = s, V 2 = e- s L = 0. 

(e) V L = s= 10 V. 

^ = ^ =£=i ov =20A/s 

dt L L 5.0 H 

(g) After a long time, we still have V\ = s, so i\ = 2.0 A. 

(h) Since now V L = 0, i 2 = slR 2 = 10 V/10 Q = 1.0 A. 

(i) / s = h + i 2 = 2.0 A + 1.0 A = 3.0 A. 
(j) Since V L = 0, V 2 = s- V L = e= 10 V. 
(k)V L = 0. 

(1)^ = ^ = 0. 


86. Because of the decay of current (Eq. 30-45) that occurs after the switches are closed 
on B, the flux will decay according to 


O 1= O 10 e-' /r \ ® 2 =® 2{) e" TL > 

where each time-constant is given by Eq. 30-42. Setting the fluxes equal to each other 
and solving for time leads to 

f _ ln(O 20 /O 10 ) ln(1.50) = gl 

{RJL^-^RJL,) (30.0 Q / 0.0030 H) - (25 Q / 0.0050 H) 


87. Eq. 30-41 applies, and the problem requires 


t di 

iR = L~^ = s- iR 


at some time t (where Eq. 30-39 has been used in that last step). Thus, we have 2iR = s, 
or 


e = 2iR = 2 


-(l-e-" T t) 
R 


R = 2s{\-e" TL ) 


where Eq. 30-42 gives the inductive time constant as il = L/R. We note that the emf a 
cancels out of that final equation, and we are able to rearrange (and take natural log) and 
solve. We obtain t = 0.520 ms. 


88. Taking the derivative of Eq. 30-41, we have 


di _ d 
dt dt 


-(l-e-' lTL ) 
R 


S -t/T, 

-e L 


Rt, 


= L e -«*L 

L 


With T L = UR (Eq. 30-42), L = 0.023 H and s = 12 V, t = 0.00015 s, and di/dt = 280 A/s, 
we obtain e~ t/XL = 0.537. Taking the natural log and rearranging leads to R = 95.4 Q. 


89. The self-inductance and resistance of the coil may be treated as a "pure" inductor in 
series with a "pure" resistor, in which case the situation described in the problem may be 
addressed by using Eq. 30-41. The derivative of that solution is 


di _ d 
dt dt 


R 


(l-e-" TL ) 


-t/T, 


-t/T, 


With T L = 0.28 ms (by Eq. 30-42), L = 0.050 H and a = 45 V, we obtain di/dt = 12 A/s 
when t = 1.2 ms. 


90. (a) From Eq. 30-28, we have 


L= m = (150X50x10-^ ■T-m') 
i 2.00 x IO" 3 A 

(b) The answer for L (which should be considered the constant of proportionality in 
Eq. 30-35) does not change; it is still 3.75 mH. 

(c) The equations of Chapter 28 display a simple proportionality between magnetic field 
and the current that creates it. Thus, if the current has doubled, so has the field (and 
consequently the flux). The answer is 2(50) = 100 nWb. 

(d) The magnitude of the induced emf is (from Eq. 30-35) 


= (0.00375 H)(0.0030 A)(377 rad/s) = 0.00424 V . 

max 


91. (a) /o = s/R = 100 V/10 Q = 10 A. 

(b) U B =\Li\ =}(2.0H)(10A) 2 =1.0xl0 2 J. 


92. (a) The self-inductance per meter is 
L 


= ju 0 n 2 A = (4n x 1(T 7 H/m)(lOOturns/cm) (7t)(L6cm) = O.lOH/m. 


(b) The induced emf per meter is 

s L di 


jí =(0.10H/m)(l3A/s) = 1.3V/m. 


93. (a) As the switch closes at t = 0, the current being zero in the inductors serves as an 
initial condition for the building-up of current in the circuit. Thus, the current through any 
element of this circuit is also zero at that instant. Consequently, the loop rule requires the 
emf (sli) of the Li = 0.30 H inductor to cancel that of the battery. We now apply (the 
absolute value of) Eq. 30-35 

^ = y = ^ = 20A/s. 
dt L x 0.30 ' 


(b) What is being asked for is essentially the current in the battery when the emfs of the 
inductors vanish (as t — > <x> ). Applying the loop rule to the outer loop, with R\ = 8.0 Q, 
we have 

s-iR x -|^ L1 |-|^ L2 | = 0 => i = =0.75 A. 

R l 


94. Using Eq. 30-41 
where r L = 2.0 ns, we find 


i = -(\-e-'l 

t = T, ln í 1 

L {í-iR/eJ 


95. (a) As the switch closes at t = 0, the current being zero in the inductor serves as an 
initial condition for the building-up of current in the circuit. Thus, at t = 0 the current 
through the battery is also zero. 

(b) With no current anywhere in the circuit at t = 0, the loop rule requires the emf of the 
inductor s L to cancel that of the battery (s = 40 V). Thus, the absolute value of Eq. 30-35 
yields 

dl t \s,\ 40 V 0 n 2 , 
—^- = — ±- = = 8.0x10 A/s . 

dt L 0.050 H 1 

(c) This circuit becomes equivalent to that analyzed in §30-9 when we replace the parallel 
set of 20000 Q resistors with R = 10000 Q. Now, with t l = L/R = 5x 10 6 s, we have t/r L 
= 3/5, and we apply Eq. 30-41: 

/ bat =|(l-^ 5 )«1.8xl0- 3 A. 

(d) The rate of change of the current is figured from the loop rule (and Eq. 30-35): 

Using the values from part (c), we obtain \sà ~ 22 V. Then, 

di hit _\s L \_ 22V 


dt L 0.050 H 


*4.4xl0 2 A/s 


(e) As t — > co , the circuit reaches a steady state condition, so that dibJdt = 0 and Sl = 0. 
The loop rule then leads to 

s-i t R-\s,\=0 => i = 40 V =4.0xlO' 3 A. 
bdt L bdt 10000Q 


(f) As t — > co , the circuit reaches a steady state condition, dibJdt = 0. 


96. (a) L = 0li = 26 x IO" 3 Wb/5.5 A = 4.7 x IO" 3 H. 


(b) We use Eq. 30-41 to solve for t: 


í 


t = —r L ln 


1 


iR 


= 2.4xl0~ 3 s. 


R 


-ln 


_iR_ 

£ ) 


4.7xlQ- 3 H 
0.75Q 


f (2.5A)(0.75Q) - 
6.0V 


97. Using Ohm's law, we relate the induced current to the emf and (the absolute value of) 
Faraday's law: 


1 

d® 

R 

dt 


l = ■ 


As the loop is crossing the boundary between regions 1 and 2 (so that "x" amount of its 
length is in region 2 while "D - x" amount of its length remains in region 1) the flux is 

O b = xHB 2 + (D - x)HBi= DHBí + xH(B 2 - #0 

which means 

^ = -J t H{B 2 - 50 = vH(B 2 - fii) i = vH(B 2 - B^IR- 

Similar considerations hold (replacing with 0 and "5 2 " with B\) for the loop 
crossing initially from the zero-field region (to the left of Fig. 30-81 (a)) into region 1. 

(a) In this latter case, appeal to Fig. 30-8 l(b) leads to 

3.0 x 10" 6 A = (0.40 m/s)(0.015 m) B x /(0.020 Q) 
which yields B\ = 10 uT. 

(b) Lenz's law considerations lead us to conclude that the direction of the region 1 field is 
out ofthe page. 

(c) Similarly, i = vH(B 2 - B X )IR leads to B 2 = 3.3//T . 


(d) The direction of B 2 is out of the page. 


98. (a) We use U B =\Li 2 to solve for the self-inductance: 

2U 2(25.0 x IO" 3 J) 
» (60.0 x IO" 3 A) 

(b) Since % oc í , for í/b to increase by a factor of 4, z must increase by a factor of 2. 
Therefore, i should be increased to 2(60.0 mA) =120 mA. 


99. (a) The current is given by Eq. 30-41 

i = -(l-g-'M = 2.00A , 

where L = 0.018 H and e= 12 V. If R = 1.00 Q (so x L = UR = 0.018 s), we obtain í = 
0.00328 s when we solve this equation. 

(b) For R = 5.00 Q we find t = 0.00645 s. 

(c) If we set R = 6.00 Q then s/R = 2.00 A so e Í/Ti = 0, which means t = ao. 

(d) The trend in our answers to parts (a), (b) and (c) lead us to expect the smaller the 
resistance then the smaller to value of t. If we consider what happens to Eq. 30-39 in the 
extreme case where R — > 0, we find that the time-derivative of the current becomes equal 
to the emf divided by the self-inductance, which leads to a linear dependence of current 
on time: i = (s /L)t. In fact, this is what one have obtained starting from Eq. 30-41 and 
considering its R — > 0 limit. Thus, this case seems self-consistent, so we conclude that it 
is meaningful and that R = 0 is actually a valid answer here. 

(e) Thus t = Li/ £=0.00300 s in this "least-time" scenario. 


100. Faraday's law (for a single turn, with B changing in time) gives 

dO B _ d (BA) _ dB _ 2 dB 
dt dt dt dt 


In this problem, we find — = -—e " T . Thus, e = nr 1 —e " T . 

dt T T 


101. (a) As the switch closes at t = 0, the current being zero in the inductor serves as an 
initial condition for the building-up of current in the circuit. Thus, at t = 0 any current 
through the battery is also that through the 20 Q and 10 Q resistors. Hence, 


i = — ^— = 0.400A 
30.0Q 

which results in a voltage drop across the 10 Q resistor equal to (0.400 A)(10 Q) = 4.0 V. 
The inductor must have this same voltage across it \sl\, and we use (the absolute value of) 
Eq. 30-35: 

4 - 00V = 400A/s. 
dt L 0.0100 H ' 

(b) Applying the loop rule to the outer loop, we have 

£-(050Á)(20n)-\€ L \ = 0. 

Therefore, \s L \ = 2.0 V, and Eq. 30-35 leads to 

di kl 2.00 V 


dt L 0.0100 H 


= 200 A/s. 


(c) As t — ^ co 5 the inductor has sl = 0 (since the current is no longer changing). Thus, the 
loop rule (for the outer loop) leads to 

e - í'(20Q) - \e L \ = 0 => i = 0.60 A . 


102. The flux O fí over the toroid cross-section is (see, for example Problem 30-60) 

BdA = 

a Ja 


» 0 Ni\ dr= »çNih ln (b^ 


2nr 


2n 


Thus, the coil-toroid mutual inductance is 


Mct _N c ^ ct _N c J u 0 i t N t h ln fb^ 


i, 


i, 


2n 


2n 


where N t = Ni and N c = N 2 . 


103. From the given information, we find 

dB 0.030 T 


= 2.0 T/s. 


dt 0.015 s 

Thus, with N= \ and cos 30°=V3/2,and using Faraday's law with Ohm's law, we have 
\s\ Nnr 1 S dB x(0.\4 m) 2 V3 


R R 2 dt 5.0 Q 


(2.0T/s) = 0.021A. 


2 

104. The area enclosed by any turn of the coil is nr where r = 0.15 m, and the coil has ./V 
= 50 turns. Thus, the magnitude of the induced emf, using Eq. 30-5, is 


dB 

= (3.53m 2 ) 

dB 

dt 


dt 


where |^f] = (0.0126T/s)|cos<z>í| . Thus, using Ohm's law, we have 


\s\ (3.53 m 2 )(0.0126 T/s) 

i = — = COS 0)t\ . 

R 4.0 Q 11 


When t = 0.020 s, this yields i = 0.01 1 A. 


1. (a) The period is T = 4(1.50 //s) = 6.00 jus. 

(b) The frequency is the reciprocai of the period: 

/ = — = — 1 — = 1.67 x IO 5 Hz. 
T 6.00//S 

(c) The magnetic energy does not depend on the direction of the current (since C/g <x z' 2 ), 
so this will occur after one-half of a period, or 3.00 /us. 


2. We find the capacitance from U =\Q 2 /C: 


C 


q 2 (i.60xicr 6 c) 2 

2U ~ 2(140 x IO" 6 J) 


= 9.14 x 10 F. 


3. According to U = \Ll 2 = \Q 2 /C , the current amplitude is 


Q 3.00xicr 6 c tn2A 

I = -0== , = 4.52 x IO' 2 A. 


V^C ^(l.lOx l(T 3 H)(4.00x 1(T 6 F) 


4. (a) We recall the fact that the period is the reciprocai of the frequency. It is helpful to 
refer also to Fig. 31-1. The values of t when plate A will again have maximum positive 
charge are multiples of the period: 


Yl Yl 

t, = nT = — = = n(5.00 us) , 

f 2.00xl0 3 Hz v ; 

where n = 1, 2, 3, 4, .... The earliest time is (n=l) t A =5.00//s. 

(b) We note that it takes t = \ T for the charge on the other plate to reach its maximum 

positive value for the first time (compare steps a and e in Fig. 31-1). This is when plate A 
acquires its most negative charge. From that time onward, this situation will repeat once 
every period. Consequently, 

1 \, Í2n-l) (2n-l) 

t = -T + (n-l)T = -(2n-l)T = ± } - = ^ ^ = (2rc-l)(2.50//s) , 

2 2 { ' 2f 2(2xl0 3 Hz) V A H ' 

where n = 1, 2, 3, 4, .... The earliest time is (n=l) t = 2.50//S. 

(c) At t = j T , the current and the magnetic field in the inductor reach maximum values 

for the first time (compare steps a and c in Fig. 31-1). Later this will repeat every half- 
period (compare steps c and g in Fig. 31-1). Therefore, 

í i =f+ í ^ = (2n-l)| = (2n-l)(l.25H. 
where n = 1, 2, 3, 4, The earliest time is (n=l) t = 1.25//s. 


5. (a) Ali the energy in the circuit resides in the capacitar when it has its maximum 
charge. The current is then zero. If Q is the maximum charge on the capacitar, then the 
total energy is 

o 2 Í2.90xlCT 6 C) 2 

U = — = —. rAr = 1.17 x 10 6 J. 

2C 2(3.60 x IO" 6 F) 

(b) When the capacitar is fully discharged, the current is a maximum and ali the energy 
resides in the inductor. If / is the maximum current, then U = LI 2 12 leads to 


\W 2(1.168 x 10^ J) 

/ = J— = ,P = '- = 5.58 x IO" 3 A . 

V L V 75xl0" 3 H 


6. (a) The angular frequency is 


co = 



í m í 

II m 



8.0 N 


(2.0xl0 I3 m)(0.50kg) 


= 89rad/s. 


(b) The period is l//and/= co/2n. Therefore, 

2_7t _ 2n 
co ~ 89rad/s 


271 271 i 


(c) From co = (LC) 1/2 , we obtain 


C = -4- = ^ = 2.5 x IO" 5 F. 

® £ (89rad/s) (5.0 H) 


7. (a) The mass m corresponds to the inductance, so m = 1.25 kg. 


(b) The spring constant k corresponds to the reciprocai of the capacitance. Since the total 


2 

energy is given by U = Q I2C, where Q is the maximum charge on the capacitar and C is 
the capacitance, 

n 2 (l75xl(T 6 C) 2 

C = — = = 2.69 x 1CT 3 F 

2U 2 5.70xlCT 6 J 


and 


' =372 N/m. 


2.69xlO" 3 m/N 


(c) The maximum displacement corresponds to the maximum charge, so 
* ma x=l -75X10- 4 m. 

(d) The maximum speed v max corresponds to the maximum current. The maximum 
current is 

/-g, - , 175X '°" <C =3.02xlO-A. 


^ ^(125 H)(2.69 x IO 3 F) 


Consequently, v max = 3.02 x 10 3 m/s. 


8. We find the inductance from f = co/2n = {in^LC^ 


L = — = — 2 = 3.8 x 10 5 H. 

4k f C 4^(10 x 10 3 Hz) (6.7 x 1CT 6 F) 


9. The time required is t = 774, where the period is given by T = 2n I co = 2n^l LC. 
Consequently, 

T InjLC 2tJ(0.050H)(4.0x1(T 6 F) 
t = — = = = 7.0 x 


10 s. 


10. We apply the loop rule to the entire circuit: 


^ = s k +s c +s R +--- = Y{s Lj +s c +s R ) = ^\L j j t +^+iRj ] =Lj t +^+iR 


with 


L=ZLj, i=Zf, R-^R, 


and we require £t ota i = 0. This is equivalent to the simple LRC circuit shown in Fig. 31- 
27(b). 


11. (a) After the switch is thrown to position b the circuit is an LC circuit. The angular 
frequency of oscillation is co = 1 / V LC . Consequently, 

/=-g-= *= = ■ 1 =275 Hz. 

2n In^jLC 2^(54.0 x 1(T 3 H)(6.20x 1(T 6 F) 

(b) When the switch is thrown, the capacitar is charged to V = 34.0 V and the current is 
zero. Thus, the maximum charge on the capacitar is Q = VC = (34.0 V)(6.20 x 10~ 6 F) = 
2. 1 1 x IO -4 C. The current amplitude is 


I = coQ = 2nfQ = 2ti(275 Hz)(2.1 1 x IO" 4 C) = 0.365 A. 


12. The capacitors C\ and C2 can be used in four different ways: (1) C\ only; (2) C2 only; 
(3) Ci and C2 in parallel; and (4) Ci and C2 in series. 

(a) The smallest oscillation frequency is 

f 3 = 1 = 1 = 6.0 x IO 2 Hz . 

2n^L(C x +C 2 ) 27ry(l.0xl0" 2 H)(2.0xl0" 6 F + 5.0xl0" 6 F) 

(b) The second smallest oscillation frequency is 

/ 1= ]= = 1 =7.1xlQ 2 Hz. 

27^/LC, 27r^(l.0xl0" 2 H)(5.0xl0" 6 F) 

(c) The second largest oscillation frequency is 

f 2 = ]— = 1 =l.lxlQ 3 Hz . 

2njLC 2 27r^(l.0xl0" 2 H)(2.0xl0" 6 F) 

(d) The largest oscillation frequency is 


2.0x10^+5.0x10^ in3 „ 

f,= , = — -. r-. r-. r- = 1.3x10 Hz. 

' 2tt > /lC 1 C 2 /(C 1 +C 2 ) 27^(i.0x10- 2 h)(2.0x10- 6 f)(5.0xKT 6 f) 


13. (a) The maximum charge is Q = CV max = (1.0 x IO 9 F)(3.0 V) = 3.0 x IO 9 C. 

(b) From U =\LI 2 =\Q 2 1 C we get 

/= Q 3.oxio- 9 c =L7xl0 -3 A 

JLC ^(3.0x10" 3 H)(1.0x10" 9 F) 

(c) When the current is at a maximum, the magnetic energy is at a maximum also: 

U B ^ =\LI 2 = 1(3.0 x IO" 3 H)(1.7 x IO 3 A) 2 = 4.5 x IO" 9 J. 


14. The linear relationship between ^(the knob angle in degrees) and frequency/is 


/=/„ 


180 c 


V 


0 = 180° 


f s A 
+ — 1 

v/o J 


where/o = 2x10 Hz. Since/= cd/2k = l/2n V LC , we are able to solve for C in terms of 
0: 

c- 1 81 


4tt 2 L/ 0 2 (1 + 0/180°) 4OOOOOtt 2 (18O° + 0) 


with SI units understood. After multiplying by IO 12 (to convert to picofarads), this is 
plotted below: 

C(pF) 


600 


400 


200 


20 40 60 80 100 120 1 10 120 180 


15. (a) Since the frequency of oscillation / is related to the inductance L and capacitance 
C by f = l/2njLC, the smaller value of C gives the larger value of /. Consequently, 

/max = 1 / 2 W LC .rin> fnnn= l/ 2 ^ LC ^ . and 

/ ma x = = V365pF = 6Q 

Zn*. VÍÕPF 

(b) An additional capacitance C is chosen so the ratio of the frequencies is 

1.60 MHz 

r = = 2.96. 

0.54 MHz 

Since the additional capacitar is in parallel with the tuning capacitar, its capacitance adds 
to that of the tuning capacitar. If C is in picofarads (pF), then 

JC + 365pF 

\ = 2.96. 

^C + lOpF 

The solution for C is 

c= (365 P F)-(2.96r(l0pF) =3 
(2.96) 2 -l 

(c) We solve f =11 2n-\l LC for L. For the minimum frequency C = 365 pF + 36 pF = 
401 pF and/= 0.54 MHz. Thus 

L = \ = 1 T = 2.2 x IO" 4 H. 

{2nfCf 2 (2tt) 2 (401 x IO" 12 F)(0.54 x IO 6 Hz) 


16. For the first circuit co = {L\C\) , and for the second one co = (L 2 C 2 ) . When the 
two circuits are connected in series, the new frequency is 


V L e q C eq ^(L l +L 2 )C 1 C 2 /(C l +C 2 ) y l(L l C 1 C 2 + L 2 C 2 C l )/(C 1 +C 2 ) 
1 1 

, —j= = C0, 

4kC l ^{C l +C 2 )l{C l +C 2 ) 


where we use co 1 = JT^C l = ■ s [l 2 ~C 2 ~. 


17. (a) We compare this expression for the current with i = I sm(cot+0o). Setting (cot+tp) = 
2500í + 0.680 = k/2, we obtain t = 3.56 x IO 4 s. 

(b) Since co = 2500 rad/s = (LCy m , 

L = — U = Í r = 2.50 x IO" 3 H. 


<o C (2500rad/s) (64.0x10" 6 f) 


(c) The energy is 


U=-LI 2 = -(2.50 x IO" 3 H)(1.60 A) 2 = 3.20 x IO" 3 J. 


18. (a) Since the percentage of energy stored in the electric field of the capacitar is 
(1 -75.0%) = 25.0%, then 

^ = 4^ = 25.0% 
U Q 2 /2C 


which leads to ql Q = V0.250 = 0.500. 
(b) From 


1^ = HJ1 = 15M , 
U LI 2 12 


wefind i// = V0.750 =0.866. 


19. (a) The total energy U is the sum of the energies in the inductor and capacitor: 


u=u E +u B 


G 2 ; 2 L Í3.80xlO" 6 C) Í9.20xlO" 3 A) Í25.0x10" 3 h) 
= q_ + i_L = \ ) \ )__[ ^ = 1.98x10 6 J. 

2C 2 2(7.80xlO" 6 F) 2 


(b) We solve U = Q I2C for the maximum charge: 


Q = yflCU = ^2(7.80 x IO" 6 F)(l.98 x IO" 6 j) = 5.56 x IO" 6 C. 


(c) From U = I L/2, we find the maximum current: 


\W 2 1.98 x 10 6 J 

/ = J— = ,U z-^ = 1.26 x IO" 2 A. 

V L V 25.0 x IO" 3 H 


(d) If qo is the charge on the capacitor at time t = 0, then g 0 = Q cos ^ and 

^ = cos" 1 


V 


= cos 


^3.80xlQ" 6 C^ 
v 5.56xlO" 6 C y 


= ±46.9°. 


For <j> = +46.9° the charge on the capacitor is decreasing, for <j> = -46.9° it is increasing. 
To check this, we calculate the derivative of q with respect to time, evaluated for t = 0. 
We obtain -a>Q sin </>, which we wish to be positive. Since sin(+46.9°) is positive and 
sin(-46.9°) is negative, the correct value for increasing charge is <p= -46.9°. 


(e) Now we want the derivative to be negative and sin 0 to be positive. Thus, we take 
^ = +46.9°. 


20. (a) From V = IX C we find co = I/CV. The period is then T = 2n/(a = 2nCV/I = 46. 1 |^s. 
(b) The maximum energy stored in the capacitar is 


U E = — CV 2 = — (2.20xlCT 7 F)(0.250 V) 2 = 6.88xl0 y J 


-9 


(c) The maximum energy stored in the inductor is also U B = LI 2 1 '2 = 6.88 nJ . 


(d) We apply Eq. 30-35 as V = L(di/dt) max • We can substitute L — CV 2 /I 2 (combining 
what we found in part (a) with Eq. 31-4) into Eq. 30-35 (as written above) and solve for 
(di/dt) max . Our result is 


fdT\ 

ydt J 


(7.50 x IO 3 A) 2 


L CV 2 /I 2 CV (2.20xl0~ 7 F)(0.250V) 


= 1.02 x 10 3 A/s 


1 2 

(e) The deriv ative of Ub = -^Li leads to 


^ — = LI 2 co$m cot cos cot = — LI 2 cosin 2cot 


dt 


Therefore, 


V dt j 


= — LI 2 co = —TV = — (7.50x 10 3 A)(0.250 V) = 0.938 mW. 
2 2 2 


21. (a) The charge (as a function of time) is given by q - Q sin cot , where <2 is the 

maximum charge on the capacitar and co is the angular frequency of oscillation. A sine 
function was chosen so that q = 0 at time t = 0. The current (as a function of time) is 

• dq _ 
z = — = coQ cos cot, 
dt 


and at í = 0, it is / = Since co = 1 / ^/LC, 


g = /VZC = (2.00 A) J(3.00 x IO" 3 H)(2.70 x IO" 6 F) = 1.80 x IO" 4 C. 


(b) The energy stored in the capacitar is given by 


q _ Q sin cot 
2C~ 2C 


and its rate of change is 


dU E Q co sin cot cos cot 


dt 


C 


We use the trigonometric identity cos cot sin cot = jsm(2cot) to write this as 


dU F coQ 2 . ,„ v 

^ = —^sm(2cot). 

dt 2C K ' 


The greatest rate of change occurs when sin(2cot) = 1 or 2cot = n/2 rad. This means 


í = JL = ^7Zc=-J(3.00x10" 3 h)(2.70x10" 6 f)=7.07x10" 5 s. 
Aco 4 4VV A ) 


(c) Substituting co= 2n/T and sin(2íuí) = 1 into dU E ldt = (coQ /2C) s'm(2cot), we obtain 


f dU^ 
V dt j 


2nQ 2 tzQ 2 


2TC TC 


Now T = 2n4LC = 2tt^(3.00 x IO" 3 H)(2.70 x IO" 6 F) = 5.655 x IO" 4 s, so 


f dU^ 
V dt j 


tt(1.80x10" 4 C) 2 


(5.655 x IO" 4 s)(2.70xl0" 6 F) 


= 66.7W. 


We note that this is a positive result, indicating that the energy in the capacitar is indeed 
increasing at t = T/S. 


22. (a) We use U = \ LI 1 = \ Q 2 1 C to solve for L: 


L = 


\(o\ 2 i (cv\ 2 Jv 2 


Q 


v 1 J 


= C 


^ =(4.00xl(T 6 F) 


f 1.50V 


50.0xlO" 3 A 


= 3.60x10 3 H. 


(b) Since/= (dln, the frequency is 

/- 1 


2k4lC 2kJ(3.60 x 10 3 H)(4.00 x IO" 6 F) 


= 1.33 x IO 3 Hz. 


(c) Referring to Fig. 31-1, we see that the required time is one-fourth of a period (where 
the period is the reciprocai of the frequency). Consequently, 


23. The loop rule, for just two devices in the loop, reduces to the statement that the 
magnitude of the voltage across one of them must equal the magnitude of the voltage 
across the other. Consider that the capacitor has charge q and a voltage (which we'11 
consider positive in this discussion) V = q/C. Consider at this moment that the current in 
the inductor at this moment is directed in such a way that the capacitor charge is 
increasing (so i = +dq/dt). Eq. 30-35 then produces a positive result equal to the V across 
the capacitor: V = -L(di/dt), and we interpret the fact that -di/dt > 0 in this discussion to 

2 2 

mean that d(dq/dt)/dt = d q/dt < 0 represents a "deceleration" of the charge-buildup 
process on the capacitor (since it is approaching its maximum value of charge). In this 
way we can "check" the signs in Eq. 31-11 (which states q/C = - L d 2 q/dt 2 ) to make sure 
we have implemented the loop rule correctly. 


24. The assumption stated at the end of the problem is equivalent to setting (j> = 0 in Eq. 
31-25. Since the maximum energy in the capacitar (each cycle) is given by q^/20 , 
where q max is the maximum charge (during a given cycle), then we seek the time for 
which 


2C 2 2C 


Q_ 

4~2 


Now q maK (referred to as the exponentially decaying amplitude in §31-5) is related to Q 
(and the other parameters of the circuit) by 


<7max = Qe 


-Rt/2L 


ln 


v Q j 


Rt_ 
2L' 


Setting =QI 42 , we solve for t: 


2L, 

t = ln 

R 


í „ \ 


v Q j 


R 


í 1 A 


= — ln2 
R 


The identities ln(l/ V2) = -lnV2 = -yln2 were used to obtain the final form of the 
result. 


25. Since co « co', we may write T = Inlco as the period and co = 1/ ^ LC as the angular 
frequency. The time required for 50 cycles (with 3 significant figures understood) is 


í = 50r=50 
= 0.5104s. 


V <o ) 


= 50(2ttVZc) = 50 | 2ti^(220 x IO" 3 H) (l2.0 xlO -6 F) J 


The maximum charge on the capacitar decays according toq^ = Qe Rtl2L (this is called 
the exponentially decaying amplitude in §31-5), where Q is the charge at time t = 0 (if we 
take <fi= 0 in Eq. 31-25). Dividing by Q and taking the natural logarithm of both sides, we 
obtain 


ln 


Q 


Rt_ 
2L 


which leads to 


Q 


2(220xlO" 3 H) 
0.5104s 


ln(0.99) = 8.66x10 3 Q. 


26. The charge q after N cycles is obtained by substituting t = NT = 2nN/a>' into Eq. 
31-25: 


q = Qe- R,I2L cos (co't + (/>) = Q e - RNTI2L cos [co'(2nN I a') + <f] 

-RNl2n4LÍc\l2L , „ , s 

= Qe y 1 cos (2nN + 0) 

= Qe - N KR4cTL cos ^_ 

We note that the initial charge (setting N = 0 m the above expression) is qo = Q cos (/>, 
where qo = 6.2 /JZ is given (with 3 significant figures understood). Consequently, we 

write the above result as q N = q Q exp ^ -NnRyl C I L j . 

(a) ForN=5, <? 5 =(6.2//C)exp(-5Tt(7.2Q)^0.0000032F/12H) = 5.85//C. 

(b) ForiV= 10, ^ 10 =(6.2//C)exp(-107r(7.2Q) > /0.0000032F/12H) = 5.52//C. 


(c)ForiV= 100, ^ 100 =(6.2//C)exp(-1007r(7.2Q)^/0.0000032F/12H) = 1.93//C. 


27. Let t be a time at which the capacitar is fully charged in some cycle and let q max i be 
the charge on the capacitar then. The energy in the capacitar at that time is 


2C 2C 

where 

Ô-RtllL 

(see the discussion of the exponentially decaying amplitude in §31-5). One period later 
the charge on the fully charged capacitar is 

1^ = Qe- Rit+T)VL where T=^ , 

co 


and the energy is 


?max2 _ Q -Ru + r\IL 


2C 2C 


The fractional loss in energy is 

IAÍ/1 _ U(t)-U(t + T) _ e' R ' /L -e' R(,+r)/L _ , _ RTIL 
U ~ ~ U(t) ' ~ " e~ R " L ~ 6 

Assuming that RTIL is very small compared to 1 (which would be the case if the 
resistance is small), we expand the exponential (see Appendix E). The first few terms are: 

-RTiL 1 RT R 2 T 2 

e « l + =- + ■■■ . 

L 2L 2 

If we approximate co « co', then we can write T as 2n/co. As a result, we obtain 

RT 2nR 


\AU\ , (, RT 

l + •• 


U 


L 


L coL 


28. (a) The current through the resistor is 


/= ^ = 3OOV =0600A 
R 50.0 Q 


(b) Regardless of the frequency of the generator, the current is the same, / = 0.600 A . 


29. (a) The inductive reactance for angular frequency a>d is given by X L = co d L , and the 
capacitive reactance is given by X c = 1/cOdC. The two reactances are equal if co d L = lla>dC, 
or w d = 1/VZc . The frequency is 

f =ÍjL = \ = 1 -<s Sviív' H/ 

2tt 2ttVIc 27rV(6.0xlO" 3 H)(10xlO" 6 F) ' 

(b) The inductive reactance is 

X L = co d L = 2nf d L = 2^(650 Hz)(6.0 x IO" 3 H) = 24 Q. 
The capacitive reactance has the same value at this frequency. 

(c) The natural frequency for free LC oscillations is / =a>/2n = \/ 2n-\J LC , the same as 
we found in part (a). 


30. (a) We use / = elX c = co d Cí?. 

l = co d Cs m =2nf d Cs m =27r(1.00xl0 3 Hz)(1.50xl0" 6 F)(30.0 V) = 0.283 A . 
(b) / = 2tt(8.00 x 10 3 Hz)(1.50 x IO" 6 F)(30.0 V) = 2.26 A. 


31. (a) The current amplitude / is given by / = VJXl, where Xl = C0dL = 2nfdL. Since the 
circuit contains only the inductor and a sinusoidal generator, V L = s m . Therefore, 

V s 30 OV 
l — _L — '» = -^v^v _q QQ^^^ =95 5 mA 

X L 2nf d L 27r(1.00xl0 3 Hz)(50.0xl0" 3 H) 

(b) The frequency is now eight times larger than in part (a), so the inductive reactance Xl 
is eight times larger and the current is one-eighth as much. The current is now 


/= (0.0955 A)/8 = 0.0119 A = 11.9 mA. 


32. (a) The circuit consists of one generator across one capacitar; therefore, s m = Vc. 
Consequently, the current amplitude is 


/ = Is. = (oCs m = (377 rad / s)(4.15 x 1CT 6 F)(25.0 V) = 3.91 x 1CT 2 A . 


c 


(b) When the current is at a maximum, the charge on the capacitar is changing at its 
largest rate. This happens not when it is fully charged (+g max ), but rather as it passes 
through the (momentary) states of being uncharged (q = 0). Since q = CV, then the 
voltage across the capacitar (and at the generator, by the loop rule) is zero when the 
current is at a maximum. Stated more precisely, the time-dependent emf s(t) and current 
i(f) have a 0 = -90° phase relation, implying s(t) = 0 when i(t) = I. The fact that </> = -90° 
= -k/2 rad is used in part (c). 

(c) Consider Eq. 32-28 with s = -\s m . In order to satisfy this equation, we require 

s'm(a>dt) = -1/2. Now we note that the problem states that s is increasing in magnitude, 
which (since it is already negative) means that it is becoming more negative. Thus, 
differentiating Eq. 32-28 with respect to time (and demanding the result be negative) we 
must also require cos(<%í) < 0. These conditions imply that cot must equal {2nK - 5k/6) [n 
= integer]. Consequently, Eq. 31-29 yields (for ali values of n) 


■ T ■ í O 571 

i = / sin 2nK 

l 6 


) 



= (3.91xl(T 3 A) - 


= -3.38xl(T 2 A, 


or m = 3.38xl(T 2 A. 


33. (a) The generator emf is a maximum when sin(<%í - n/4) = 1 or 


(OS - n/4 = (n/2) ± 2n7r [n = integer]. 
The first time this occurs after t = 0 is when - n/4 = n/2 (that is, n = 0). Therefore, 

t = = = 6.73xlCT 3 s . 

4w d 4(350 rad/s) 

(b) The current is a maximum when s'm(a>dt - 3n/4) = 1, or 

a>dt - 3n/4 = (n/2) ± 2nn [n = integer]. 

The first time this occurs after t = 0 is when cos - 3n/4 = n/2 (as in part (a), n = 0). 
Therefore, 

t = = = 1.12 x 10 2 s . 

4co d 4(350 rad/s) 

(c) The current lags the emf by +7r/2 rad, so the circuit element must be an inductor. 

(d) The current amplitude / is related to the voltage amplitude V L by V L = IX L , where X L is 
the inductive reactance, given by Xl = 00dL. Furthermore, since there is only one element 
in the circuit, the amplitude of the potential difference across the element must be the 
same as the amplitude of the generator emf: V L = s m . Thus, s m = IcOdL and 

L = ±- = ^ = 0.138 H. 

Ico d (620 x IO" 3 A)(350 rad/s) 


34. (a) The circuit consists of one generator across one inductor; therefore, a m = Vl- The 
current amplitude is 


1 = 


25.0 V 


X, co d L (377rad/s)(12.7H) 


= 5.22x10^ A 


(b) When the current is at a maximum, its derivative is zero. Thus, Eq. 30-35 gives Sl = 0 
at that instant. Stated another way, since s(t) and iit) have a 90° phase difference, then s(t) 
must be zero when i(t) = I. The fact that <j> = 90° = n/2 rad is used in part (c). 

(c) Consider Eq. 31-28 with s = -s m /2. In order to satisfy this equation, we require 

s'm(a)dt) = -1/2. Now we note that the problem states that a is increasing in magnitude, 
which (since it is already negative) means that it is becoming more negative. Thus, 
differentiating Eq. 31-28 with respect to time (and demanding the result be negative) we 
must also require cos(<%í) < 0. These conditions imply that cot must equal (2nn - 5n/6) [n 
= integer]. Consequently, Eq. 31-29 yields (for ali values of rí) 


i = I sin 


2nn- 


5n 
6 


71 


= (5.22 x 10" 3 A) 


V3 

K 2 J 


= 4.51 x IO" 3 A 


35. (a) Now X L = 0, while R = 200 Q and X c = V2rf d C = 111 Q. Therefore, the 
impedance is 

Z = ^R 2 + X 2 C =^/(200Q) 2 +(177Q) 2 =267Q. 


(b) The phase angle is 


<fr=tan 


R 


= tarf 


0-177Q 
200 Q 


= -41.5 c 


(c) The current amplitude is 


Z 267 Q 


(d) We first find the voltage amplitudes across the 
circuit elements: 

V R =IR = (0.135 A)(200Q) » 27.0 V 
V C =IX C =(0.135 A)(177Q)«23.9V 

The circuit is capacitive, so / leads s m . The phasor 
diagram is drawn to scale on the right. 



36. (a) The graph shows that the resonance angular frequency is 25000 rad/s, which 
means (using Eq. 31-4) 

C = (co 2 L) _1 = [(25000) 2 x200 x IO" 6 ]" 1 = 8.0 \iF. 

(b) The graph also shows that the current amplitude at resonance is 4.0 A, but at 
resonance the impedance Z becomes purely resistive (Z = R) so that we can divide the 
emf amplitude by the current amplitude at resonance to find R: 8.0/4.0 = 2.0 Q. 


37. (a) Now Xc = 0, while R = 200 Q and Xl= a>L = IrfdL = 86.7 Q remain unchanged. 
Therefore, the impedance is 


Z = ^R 2 + X 2 L =^/(200 Q) 2 +(86.7 Q) 2 =218 Q 


(b) The phase angle is, from Eq. 31-65, 


</> = tan 


-i 


X L~ X C 

R 


= tan 


^86.7Q-0 A 
200 Q 


= 23.4° 


(c) The current amplitude is now found to be 


Z 218 Q 


(d) We first find the voltage amplitudes across the circuit elements: 

V R =IR = (0. 165 A)(200Q) » 33 V 
V L =IX L =(0.165 A)(86.7Q)« 14.3 V 


This is an inductive circuit, so s m leads /. The phasor diagram is drawn to scale below. 


38. (a) Since Z = ^R 2 + X 2 and X L = (o d L, then as m -> O we find Z — > i? = 40 Q. 
(b) L = Xl/co,/ = slope = 60 mH. 


39. (a) The capacitive reactance is 

x c = 1 1 


1 


= 37.9Q 


0) d C 2%f d C 2tt(60.0Hz)(70.0x10- 6 F) 
The inductive reactance 86.7 Q is unchanged. The new impedance is 

Z = ^R 2 +(X L -X C ) 2 = ^/(200Q) 2 + (37.9Q-86.7Q) 2 = 206Q. 


(b) The phase angle is 


^ = tan 


R 


= tan 


86.7Q-37.9Q 
200Q 


= 13.7°. 


(c) The current amplitude is 


Z 206Q 


(d) We first find the voltage amplitudes acros s the circuit elements: 

V R =IR = (0.175 A)(200Q) = 35.0 V 
V L =IX L =(0.175 A)(86.7Q) = 15.2 V 
V c =IX C =(0.175 A)(37.9Q) = 6.62V 


Note that X L > X c , so that a m leads /. The phasor diagram is drawn to scale below. 


40. (a) The circuit has a resistor and a capacitor (but no inductor). Since the capacitive 
reactance decreases with frequency, then the asymptotic value of Z must be the resistance: 
R = 500 Q. 

(b) We describe three methods here (each using information from different points on the 
graph): 

method 1 : At (ú d = 50 rad/s, we have Z « 700 Q which gives C = (co^Z 2 - R z T 1 = 41 |uF. 
method 2 : At co^ = 50 rad/s, we have X c * 500 Q which gives C = (co rf X c y l = 40 |uP. 
method 3 : At (í) d = 250 rad/s, we have X c * 100 Q which gives C = (co d X c ) _1 = 40 


41. The rms current in the motor is 


s s 420V 

/ rms = fosL = fgg = = 7.61 A. 

Z jR 2 + X 2 L ^/(45.0Q) 2 + (32.0Q) 2 


42. A phasor diagram very much like Fig. 31-1 l(d) leads to the condition: 

V L -V C = (6.00 V)sin(30°) = 3.00 V. 

With the magnitude of the capacitar voltage at 5.00 V, this gives a inductor voltage 
magnitude equal to 8.00 V. Since the capacitar and inductor voltage phasors are 180° out 
of phase, the potential difference across the inductor is -8.00 V . 


43. The resistance of the coil is related to the reactances and the phase constant by Eq. 
31-65. Thus, 


X L -X C _w d L-\lw d C 


R 


R 


= tan (j> , 


which we solve for R: 


R = 


1 


tan^ 
= 89Q. 


w d L- 


1 


tan75 c 


(27i)(930Hz(8.8xlO" 2 H)- 


1 


(27t)(930Hz)(0.94xlCPF 


44. (a) A sketch of the phasors would be very much like Fig. 31-9(c) but with the label 
"Ic" on the green arrow replaced with "Vr." 

(b) Wehave IR = IX C , or 

IR = IX C -> R = 

whichyields f =°^- = — S — = 1 — = 159 Hz. 

2n 2nRC 2^(50.0 Q)(2.00x 10 F) 

(c) ^=tan- 1 (-y c /V fí ) = -45°. 

(d) (o d = Í/RC =1.00 xlO 3 rad/s. 

(e) / = (12 V)/^R 2 + X C 2 = 6/(25^2) «170 mA. 


45. (a) For a given amplitude s m of the generator emf, the current amplitude is given by 


E E 
j m m 

Z ^R 2 +(oo d L-\lco d C) 2 


We find the maximum by setting the deriv ative with respect to co d equal to zero: 


dl 

dco, 


= -(E) m [R 2 +(oo d L-l/oo d C) 2 y 


w d C_ 


L + 


<o\C_ 


The only factor that can equal zero is co d L-(\l co d C) ; it does so for co d = 1 / V LC = co . 
For this 

1 1 


a d = 


VLC ^(1.00 H)(20.0xlO" 6 F) 


= 224 rad / s 


(b) When co d = co, the impedance is Z = R, and the current amplitude is 


R 5.00 Q 


(c) We want to find the (positive) values of co d for which I = s m /2R : 


^R 2 +(oo d L-l/oo d C) 2 2R 


This may be rearranged to yield 


a d L T, 

V a dC) 


= 3R 2 . 


Taking the square root of both sides (acknowledging the two + roots) and multiplying by 
co d C , we obtain 

oo 2 d {LC)±oo d [SCR)-\ = 0 . 


Using the quadratic formula, we find the smallest positive solution 


co 2 = ■ 


-SCR + ^3C 2 R 2 +4LC S (20.0 x IO" 6 F)(5.00 Q) 


+ 


2LC 2(1.00 H)(20.0xlO~°F) 

^3(20.0xl0~ 6 F) 2 (5.00 Q) 2 +4(1.00 H)(20.0xlO~ 6 F) 


2(1.00 H)(20.0xlOT) 
= 219 rad/s . 


(d) The largest positive solution 


a>, = - 


+J3CR + ^3C 2 R 2 +4LC _ +V3(20.0xlO~ 6 F)(5.00Q) 
2LC " 2(1.00 H)(20.0xlO~ 6 F) 

^3(20.0x10^ F) 2 (5.00 Q) 2 + 4(1.00 H)(20.0xlO~ 6 F) 


+ 2(1.00 H)(20.0xlOT) 

= 228 rad/s . 

(e) The fractional width is 

m \ ~ ^2 _ 228 rad/s - 2 1 9 rad/s 


co {) 224 rad/s 


= 0.040. 


46. (a) With both switches closed (which effectively removes the resistor from the 
circuit), the impedance is just equal to the (net) reactance and is equal to 

X Det = (12 V)/(0.447 A) = 26.85 Q. 

With switch 1 closed but switch 2 open, we have the same (net) reactance as just 
discussed, but now the resistor is part of the circuit; using Eq. 31-65 we find 

ízxuj) tanl5° 

(b) For the first situation described in the problem (both switches open) we can reverse 
our reasoning of part (a) and find 

^ net first = R tan <j)' = (100 Q) tan(-30.9°) = -59.96 Q. 

We observe that the effect of switch 1 implies 

X c = X net - Xnetfirsrt = 26.85 Q - (-59.96 Q) = 86.81 Q. 

Then Eq. 31-39 leads to C = l/coX c = 30.6 uF. 

(c) Since X net = X L -X c , then we find L = Zz/co = 301 mH . 


47. (a) Yes, the voltage amplitude across the inductor can be much larger than the 
amplitude of the generator emf. 

(b) The amplitude of the voltage across the inductor in an RLC series circuit is given by 
V L = IX L = Ico d L. At resonance, the driving angular frequency equals the natural angular 

frequency: co d = a> = Í/^LC . For the given circuit 

X L =^= . L ° H =1000 Q. 

VLC ^(1.0H)(1.0xlO~ 6 F) 

At resonance the capacitive reactance has this same value, and the impedance reduces 
simply: Z = R. Consequently, 


Z 


resonance 


,i = í™. = 1.0A 
R 10 Q 


The voltage amplitude across the inductor is therefore 


V L =IX L =(1.0A)(1000 Q) = 1.0xl0 3 V 


which is much larger than the amplitude of the generator emf. 


48. (a) A sketch of the phasors would be very much like Fig. 31-10(c) but with the label 
"/z," on the green arrow replaced with "Vr." 

(b) We have Vr = Vl, which implies 

IR = IX L R =co d L 
which yields /= (ú d /2n = RIlnL = 318 Hz. 

(c) 4 = tMf\V L N R ) = +45°. 

(d) co d = R/L = 2.00x IO 3 rad/s. 

(e) / = (6 V)/VF+X? = 3/(40^2) * 53.0 mA. 


49. We use the expressions found in Problem 31-45: 


oo x = - 


+ScR + yj3C 2 R 1 +ALC -yÍ3CR + ^3C 2 R 2 + 4LC 


2LC 


> a 2 = 


2LC 


We also use Eq. 31-4. Thus, 


Aco d w l -o) 2 iSCR^LC Í3C 

— — A , ' 


CO 00 


2LC 


For the data of Problem 31-45, 


co 


= (5.00 Q) 


3(20.0 x IO" 6 F) 


1.00 H 


= 3.87 x 10 


-2 


This is in agreement with the result of Problem 31-45. The method of Problem 31-45, 
however, gives only one significant figure since two numbers close in value are 
subtracted (ooi - ooi). Here the subtraction is done algebraically, and three significant 
figures are obtained. 


50. (a) The capacitive reactance is 


1 1 


= 16.6 Q . 


2nfC 2tt(400 Hz)(24.0 x 1(T 6 F) 


(b) The impedance is 


Z = ^R 2 +(X L -X c ) 2 = ^R 2 + (2nfL-X c ) 2 


= 7(220 Q) 2 +[2tt(400 Hz)(150x10~ 3 H)-16.6 Q] 2 = 422 Q . 


(c) The current amplitude is 



m 


220 V 


= 0.521 A . 


Z 


422 Q 


(d) Now X c cc C eq ' . Thus, X c increases as C eq decreases. 

(e) Now C eq = C/2, and the new impedance is 

Z = 7(220 Q) 2 +[2tt(400 Hz)(150xl0 3 H)- 2(16.6 Q)] 2 = 408 Q < 422 Q . 
Therefore, the impedance decreases. 

(f) Since / oc Z 1 , it increases. 


51. (a) Since L eq = L\ + L 2 and C eq = C\ + C2 + C3 for the circuit, the resonant frequency 
is 

1 1 


CO = 


1 


271^(1.70 x IO" 3 H + 2.30 x 10" 3 H)(4.00 x IO" 6 F + 2.50 x IO" 6 F + 3.50 x IO" 6 F) 
= 796 Hz. 

(b) The resonant frequency does not depend on R so it will not change as R increases. 

(c) Since o oc (Li + La) , it will decrease as L\ increases. 

(d) Since co cc C eq 1/2 and C eq decreases as C3 is removed, co will increase. 


52. The amplitude (peak) value is 

V max =V2y rms =V2(l00V) = 141V. 


53. The average power dissipated in resistance R when the current is alternating is given 
by ^vg = lL&R> where 7 rms is the root-mean-square current. Since 7 rms = 11 ~Jl , where / is 
the current amplitude, this can be written P avg = / R/2. The power dissipated in the same 
resistor when the current is direct is given by P = ijR. Setting the two powers equal to 
each other and solving, we obtain 

/ 2.60A 1D/1A 

'' = vr^r =L84A ' 


54. Since the impedance of the voltmeter is large, it will not affect the impedance of the 
circuit when connected in parallel with the circuit. So the reading will be 100 V in ali 
three cases. 


55. (a) Using Eq. 31-61, the impedance is 

Z = > /(l2.0Q) 2 + (l.30Q-0) 2 =12.1 Q. 

(b) The average rate at which energy has been supplied is 

a 1 R (120 V) 2 (12.0 Q) , , 

p = ^m^ = y LA -^ = 1.186xl0 3 W«1.19xl0 3 W. 

8 Z 2 (12.07 Q) 2 


56. This circuit contains no reactances, so ^ = /nns^totai- Using Eq. 31-71, we find the 
average dissipated power in resistor R is 


Pr = Cs* = 


f £ 

m 

K r + R 


R. 


In order to maximize P R we set the derivative equal to zero: 


dR 


( r + R f- 2 ( r + R ) R ]_e 2 m (r-R) 


(r + Rf 


= 0 


R = r 


57. (a) The power factor is cos 0, where (j) is the phase constant defined by the expression 
i = I smiúX - </>). Thus, (j) = - 42.0° and cos <j) = cos(- 42.0°) = 0.743. 

(b) Since <j><Q, cot - </)> cot. The current leads the emf. 

(c) The phase constant is related to the reactance difference by tan <j> = (X L - X c )/R. We 
have 

tan 0 = tan(- 42.0°) = -0.900, 

a negative number. Therefore, X L - X c is negative, which leads to X c > X L . The circuit in 
the box is predominantly capacitive. 

(d) If the circuit were in resonance X L would be the same as X c , tan </> would be zero, and 
</> would be zero. Since </> is not zero, we conclude the circuit is not in resonance. 

(e) Since tan <fi is negative and finite, neither the capacitive reactance nor the resistance 
are zero. This means the box must contain a capacitar and a resistor. 

(f) The inductive reactance may be zero, so there need not be an inductor. 

(g) Yes, there is a resistor. 

(h) The average power is 

^ vg = ^ejcost = |(75.0 V)(1.20A)(0.743) = 33.4 W. 

(i) The answers above depend on the frequency only through the phase constant <j), which 
is given. If values were given for R, L and C then the value of the frequency would also 
be needed to compute the power factor. 


58. The current in the circuit satisfies i(t) = I sin(<%í - where 


l = = 


Z ^R 2 +(co d L-\lco d C) 2 


45.0 V 


/(l6.0Q) 2 +{(3000rad/s)(9.20mH)-l/[(3000rad/s)(31.2//F)]}' 
= 1.93A 


and 


<f> = tan 


= tan 


= 46.5° 


X L~ X C 

R 


= tan~ 


co d L-\l co d C 


R 


(3000rad/s)(9.20mH) 


16.0 Q 


(3000rad/s)(l6.0Q)(31.2//F) 


(a) The power supplied by the generator is 

P g = i(t)s(t) = IÚYí( y co d t-</>) s m sin co d t 

= (l.93A)(45.0V)sin[(3000rad/s)(0.442ms)] sin [(3000rad/s) (0.442 ms)-46 
= 41.4 W. 


(b) With 


v c (t) = V c úr\(co d t - <j) - n 1 2) = -V cos(co d t - </>) 


where V =1 1 a> d C, the rate at which the energy in the capacitor changes is 


c dt 


í 2 \ 


K 2Cj 


■ q . 

= i — = iv r 
C 


= — I sin (co d t-0) 


( I ^ 


y(O d C j 


COS 


(1.93A) 2 


2(3000 rad/s)(31.2xlO" 6 F) 
= -17.0 W. 


I 2 

(co d t-0) = -^—^sm[2(co d t-0)] 

sin [2(3000rad/s)(0.442ms)- 2(46.5°)] 


(c) The rate at which the energy in the inductor changes is 


?L dt 


— Li 2 =Li — = LI sin (co d t - 0)— \l sin [a> d t - ^)] = —a> d LI 2 sin [_2[ã) d t - ^)] 
v 2 J dt dt 2 

= -(3000rad/s)(l.93A) 2 (9.20mH)sin[2(3000rad/s)(0.442ms)-2(46.5°)] 

= 44.1W. 

(d) The rate at which energy is being dissipated by the resistor is 

P R =/ 2 J R = / 2 J Rsin 2 («/-^)=(l.93A) 2 (l6.0Q)sin 2 [(3000rad/s)(0.442ms)-46.5°] 
= 14.4W. 

(e) Equal. P L + P R + P c = 44.1W-17.0 W + 14.4W = 41.5 W = P 


59. We shall use 


slR s 2 R 


2Z 2 2 


R 2 +(co d L-l/ co d C) 


whereZ = -^R 2 + {co d L-ll co d C) 2 is the impedance. 


(a) Considered as a function of C, P avg has its largest value when the factor 
R 2 +(co d L-l/ co d C) 2 has the smallest possible value. This occurs for co d L = ll co d C , or 

q - \ = \ = 1 17 x 10 4 F 

oo 2 d L (27r) 2 (60.0Hz) 2 (60.0xl0" 3 H) 

The circuit is then at resonance. 

(b) In this case, we want Z 2 to be as large as possible. The impedance becomes large 
without bound as C becomes very small. Thus, the smallest average power occurs for C = 
0 (which is not very different from a simple open switch). 

(c) When cOdL = \lco d C, the expression for the average power becomes 

s 2 

p = m 

avg 2R' 

so the maximum average power is in the resonant case and is equal to 

(30.0V) 2 
2(5.00 Q) 

(d) At maximum power, the reactances are equal: X L = X c . The phase angle </> in this case 
may be found from 

tan^= X t~ X c =0 
R 

which implies <f> = 0 o . 

(e) At maximum power, the power factor is cos <j> = cos 0 o = 1 . 

(f) The minimum average power is P ãVg = 0 (as it would be for an open switch). 

(g) On the other hand, at minimum power X c °c l/C is infinite, which leads us to set 
tan tj) = -co . In this case, we conclude that </> = -90°. 


(h) At minimum power, the power factor is cos 0 = cos(-90°) = 0. 


60. (a) The power consumed by the light bulb is P = I R/2. So we must let P ma JP m m = 
(I/I^n) 2 = 5, or 


f i \ 


\ ^ min J 


s IZ . 

m min 

V S m I Zmax J 


V^min J 


^ 2 +K ma x) 

R 


= 5. 


We solve for L n 


2R 2(120 V) /1000W , 

4™ = — = r 1 ; = 7-64 x 10 H. 

a 2tt(60.0Hz) 


(b) Yes, one could use a variable resistor. 

(c) Now we must let 


f^max -^bulb 
V ^bulb J 


= 5, 


or 


R =(45- l)R hlúh = ÍV5 - 1) ( 12QV ) = 17.8 Q 

max V V I bulb V V I IQOOW 


(d) This is not done because the resistors would consume, rather than temporarily store, 
electromagnetic energy. 


61. (a) The rms current is 


£ £ 
j rms rms 

rms ^ 


^R 2 +(2nfL-l/2nfC) 2 

75.0V 


^(l5.0Q) 2 + {27r(550Hz)(25.0mH)-l/[27r(550Hz)(4.70//F)]} 2 
= 2.59 A. 

(b) The rms voltage across R is 

K fe =/ msJ R = (2.59A)(l5.0Q) = 38.8V. 

(c) The rms voltage across C is 

v = / x c = = — , = 159 V . 

bc rms c 2nfc 2 7t(550Hz)(4.70//F) 

(d) The rms voltage across L is 

V cd = I m J L = 2nI rms fL = 2tt(2.59 A)(550 Hz)(25.0mH) = 224 V . 

(e) The rms voltage across C and L together is 

V hd = \V hc -V cd \ = |159.5 V - 223.7 V| = 64.2V 

(f) The rms voltage across R, C and L together is 

v ad=\l v ab +v bd =V(38.8V) 2 + (64.2V) 2 =75.0V 

(g) Fori?, 

Vl (38. 8V) 2 
p = sL = v L_ = ioo W. 

R R 15.0 fi 


(h) No energy dissipation in C. 

(i) No energy dissipation in L. 


62. For step-up trasnformer: 


(a) The smallest value of the ratio V ç IV is achieved by using T2T3 as primary and T1T3 as 
secondary coil: V í3 /V 2 3 = (800 + 200)/800 = 1.25. 

(b) The second smallest value of the ratio V s IV is achieved by using T\T 2 as primary and 
T 2 r 3 as secondary coil: V23/V13 = 800/200 = 4.00. 

(c) The largest value of the ratio V s IV is achieved by using T{T 2 as primary and T{T 3 as 
secondary coil: V n IV n = (800 + 200)/200 = 5.00. 

For the step-down transformer, we simply exchange the primary and secondary coils in 
each of the three cases above. 

(d) The smallest value of the ratio V s IV p is 1/5.00 = 0.200. 

(e) The second smallest value of the ratio V s IV is 1/4.00 = 0.250. 

(f) The largest value of the ratio V s IV p is 1/1.25 = 0.800. 


63. (a) The stepped-down voltage is 


V =V 

' s p 


= (120V) 


f 10 ^ 


V 500y 


= 2.4V. 


V 2.4 V 

(b) By Ohm's law, the current in the secondary is I s = — = = 0.1 6 A. 

R r 15Q 


We find the primary current from Eq. 31-80: 


h = h 


= (0.1 6 A) 


f 10 ^ 


V 500y 


= 3.2 x 10 A. 


(c) As shown above, the current in the secondary is/ ç =0.1 6 A. 


64. WeuseEq. 31-79 to find 


V.=V„ 


= (100V) 


500 " 
V 50 J 


= 1.00xl0 3 V. 


65. (a) The rms current in the cable is / rms = P/V t = 250 x 10 3 W/(80x 10 3 V) = 3.125 A. 
Therefore, the rms voltage drop is AV = I rim R = (3.125 A)(2)(0.30fi) = 1.9 V . 

(b) The rate of energy dissipation is P d = I^R = (3.125 A)(2)(0.60fi) = 5.9 W. 

(c) Now / rms =250xl0 3 W/(8.0xl0 3 V) = 31.25A, so AV = (31.25 A)(0.60Q) =19 V. 

(d) P d = (3.125A) 2 (0.60Q) = 5.9 x IO 2 W. 

(e) / rms = 250xl0 3 W/(0.80xl0 3 v) = 312.5 A , so AV = (312.5 A)(0.60fi) = 1.9xl0 2 V . 

(f) P d =(312.5 A) 2 (0.60 Q) = 5.9xl0 4 W. 


66. (a) The effective resistance R efí satisfies /^As = fanicai . or 

R _ _ (0-100hp)(746W/hp) _ i7? ^ 

eff /L (0.650A) 2 

(b) This is not the same as the resistance R of its coils, but just the effective resistance for 
power transfer from electrical to mechanical form. In fact I^R would not give P mec hanicai 
but rather the rate of energy loss due to thermal dissipation. 


67. (a) We consider the following combinations: AVu = V\ - V2, AVn = V\ - V3, and AV23 
= V 2 - V3. For AVn, 


f 120° 

,~2~ 


cos 


2(oA-Ym 


AV n = A sin(íy rf í) - A sin (co d t -120°) = 2 Asin 
where we use 

sin a - sin /? = 2 sin [(« - /?)/2] cos [(a + ,#)/2] 
and sin 60° = Vã/2. Similarly, 


= V3Acos(í» rf í-60°) 


í 240°^ 


f 2íy/-240°^ 


cos 


l 2 J 


V 2 J 


f 120° ^ f 

cos 

l 2 ) 


2co d t-360 


AV 13 = Aún(a> d t) - Asin (co d t - 240°) = 2 A sin 
and 

AV 23 = A sin(í»/ - 120°) - A sin {co d t - 240°) = 2A sin 
= V3Acos(« rf í-180 o ) 

Ali three expressions are sinusoidal functions of t with angular frequency m 

(b) We note that each of the above expressions has an amplitude of V3 A . 


= ^Acos(í»/-120°) 


68. (a) Eq. 31-39 gives/= co/2tt = {2nCX c y l = 8.84 kHz. 

(b) Because of its inverse relationship with frequency, then the reactance will go down by 
a factor of 2 when/increases by a factor of 2. The answer is X c = 6.00 Q. 


s 125 V 

69. (a) The impedance is Z = = = 39. 1 ÍX 

/ 3.20A 


(b) From V R = IR = s m cos^, we get 


R _ e m cos<P _ (l25V)cos(0.982rad) _ 2i? ^ 
/ 3.20A 


(c) Since X L - X c oc sin^ = sin(-0.982rad), we conclude that X L < X c . The circuit is 
predominantly capacitive. 


70. (a) Eq. 31-4 directly gives 1/yflC « 5.77xl0 3 rad/s. 

(b) Eq. 16-5 then yields T= 2tt/co = 1.09 ms. 

(c) Although we do not show the graph here, we describe it: it is a cosine curve with 
amplitude 200 uC and period given in part (b). 


7 1 . (a) The phase constant is given by 


</> = tan 


R ) 


= tan~ 


f V L -V L l 2.00 A 

y L /2.oo 


= tan - ] (1.00) = 45.0°. 


(b) We solve R from £ m cos <fi = IR: 


/;= gm cos^ = (30.0V)(cos45°) =707n 
/ 300xl0~ 3 A 


72. From Eq. 31-4, we have C = (co 2 L) _ 1 = {{2%f) 2 Lj~ l = 1.59 yF. 


73. (a) We solve L from Eq. 31-4, using the fact that co = 2nf: 


L = — = - 2 = 6.89 x 10 7 H. 

An f C 4^(10.4 x 10 3 Hz) (340 x 10 6 F) 

(b) The total energy may be calculated from the inductor (when the current is at 
maximum): 

U=^LI 2 =^-(6.89xl0" 7 H)(7.20xl0" 3 A) 2 = 1.79 x IO" 11 J. 


(c) We solve for Q from U = \ Q 2 1 C: 


Q = 4lCU = ^2(340 x IO" 6 F)(l.79xl0 _11 j) = l.lOx IO" 7 C. 


74. (a) With a phase constant of 45° the (net) reactance mu st equal the resistance in the 
circuit, which means the circuit impedance becomes 

Z = i?V2 => R = Z/V2 = 707 Q. 

(b) Since/= 8000 Hz then co^ = 27t(8000) rad/s. The net reactance (which, as observed, 
must equal the resistance) is therefore X L -X C = co^L - (co^CT 1 = 707 Q. We are also 
told that the resonance frequency is 6000 Hz, which (by Eq. 31-4) means 

c _ 1 _ 1 _ 1 _ 1 

ca 2 L (2nffL 47r 2 f 2 L 4^(6000 Hz) 2 L ' 

Substituting this in for C in our previous expression (for the net reactance) we obtain an 
equation that can be solved for the self-inductance. Our result is L = 32.2 mH. 


(c) C = ((27r(6000)) 2 L)^ = 21.9 nF. 


75. (a) From Eq. 31-4, we have L = (co 2 C) _1 = {{2nf) 2 Cy l = 2.41 uH. 

(b) The total energy is the maximum energy on either device (see Fig. 31-4). Thus, we 
have t/ max = fz/ = 21.4pj. 

(c) Of several methods available to do this part, probably the one most "in the spirit" of 
this problem (considering the energy that was calculated in part (b)) is to appeal to t/ max = 

1 2 I 

2 Q /C (from Chapter 26) to find the maximum charge: Q = \]2CU m . iX = 82.2 nC. 


76. (a) From Eq. 31-65, we have 

</> = tan 


= tan 


(V L /2.00) 


which becomes tan" 1 (2/3 ) = 33.7° or 0.588 rad. 

(b) Since </» 0, it is inductive (Zz, > X c ). 

(c) We have V R = IR = 9.98 V, so that V L = 2.00V R = 20.0 V and V c = = 13.3 V. 
Therefore, from Eq. 31-60, we have 


s n = ^Vz+(V L -V c ) 2 = ^(9.98 V) 2 + (20.0 V - 13.3 V) 2 = 12.0 V . 


77. (a) The impedance is Z= (80.0 V)/(1.25 A) = 64.0 Q. 

(b) We can write cos <j> = R/Z => R = (64.0 Q)cos(0.650 rad) = 50.9 Q. 

(c) Since the "current leads the emf ' the circuit is capacitive. 


78. (a) We find L from X L = coL = 2nfL: 


. X L 1.30 x IO 3 Q in3u 

f = — — = — ; —— = 4.60x10 Hz. 

2nL 27r(45.0xl0" 3 H) 


(b) The capacitance is found fromX c = (coC) 1 = (2nfC) : 

C = = — — ^ — = 2.66 x 10" 8 F. 

2nfX c 2tt(4.60x10 3 Hz)(1.30x10 3 Q) 

(c) Noting that X L cc/and X c °c/~ , we conclude that when/is doubled, X L doubles and 
X c reduces by half. Thus, X L = 2(1.30 x 10 3 Q) = 2.60 x 10 3 Q . 


(d) X c = 1.30 x 10 3 Q/2 = 6.50 x IO 2 Q. 


79. (a) Using co = 2nf, X L = coL, X c = 1/coC and tan(c^) = (X L -X c )/R, we find 
(|) = tan _1 [(16.022 - 33.157)/40.0] = -0.40473 * -0.405 rad. 

(b) Eq. 31-63 gives /= 120/^40' + (16-33) 2 = 2.7576 * 2.76 A. 

(c) X c >X L => capacitive. 


80. From t/ max = \LI 2 we get / = 0.1 15 A. 


81. From Eq. 31-4 we get /= \I2ks[lC = 1.84 kHz 


82. (a) The reactances are as follows: 

X L = 2xf d L = 2;r(400 Hz)(0.0242 H) = 60.82 Q 
X c = {2nf d Cy l = [2^(400 Hz)(1.21xl0~ 5 F)]" 1 =32.88 Q 
Z = ^R 2 +(X L -X C ) 2 = 7(20.0 Q) 2 + (60.82 Q -32.88 Q) 2 = 34.36 Q 

With e = 90.0 V, we have 

T s 90.0 V „„ A T I 2.62 A 

/= — = = 2.62 A => / rms =^ = — _ = 1.85 A. 

Z 34.36 Q V2 V2 

Therefore, the rms potential difference across the resistor is V Rrms = 7 rms i? = 37.0 V. 

(b) Across the capacitar, the rms potential difference is Vcrms = Irm S Xc = 60.9 V. 

(c) Similarly, across the inductor, the rms potential difference is V Lr ms = InmX L =113 

(d) The average rate of energy dissipation is P avg = (/rms) 2 /? = 68.6 W. 


83. (a) At any time, the total energy U in the circuit is the sum of the energy Ue in the 
capacitar and the energy U B in the inductor. When U E = 0.500% (at time t), then U B = 
2.00Ue and U = Ue + Ub = 3.00Ue- Now, Ue is given by q 2 1 2C , where q is the charge 


on the capacitor at time t. The total energy U is given by Q 2 1 2C , where Q is the 
maximum charge on the capacitor. Thus, 

Q 2 3.OO4 2 Q 

— = — ^> q= , =0.577 Q. 

2C 2C y/3ÕÕ 

(b) If the capacitor is fully charged at time t = 0, then the time-dependent charge on the 
capacitor is given by q = Qcoscot . This implies that the condition q = 0.577 Q is satisfied 

when coscot =0.557, or cot = 0.955 rad. Since co = 2n/T (where T is the period of 
oscillation), t = 0.955T / 2n = 0. \52T , or 1 1 T = 0. 152. 


84. FromEq. 31-60, wehave (220 V / 3.00 A) 2 = R 2 + \ 2 L => Z L =69.3Q. 


85. (a) The energy stored in the capacitar is given by U E = q 2 12C. Since q is a periodic 
function of t with period T, so must be U E . Consequently, Ue will not be changed over 
one complete cycle. Actually, Ue has period 772, which does not alter our conclusion. 

(b) Similarly, the energy stored in the inductor is U B = \i 2 L . Since / is a periodic 
function of t with period T, so must be Ub- 

(c) The energy supplied by the generator is 


(e) Since s m I cos 0 = s m l(V R / s m ) = s,j(lR I s m ) = I 2 R, the two quantities are indeed the 
same. 



where we substitute / = // and £ rms = s m I V2. 


(d) The energy dissipated by the resistor is 



86. (a) We note that we obtain the maximum value in Eq. 31-28 when we set 

t = — = — = = 0.00417 s 
2co d 4f 4(60) 

or 4.17 ms. The result is s m sin(7t/2) = s m sin(90°) = 36.0 V . 

(b) At t = 4.17 ms, the current is 

i = /sin (a> d t-4>) =/sin (90° -(-24.3°)) = (0.164 A) cos(24.3°) = 0.1495 A « 0.150 A. 
using Eq. 31-29 and the results of the Sample Problem. Ohm's law directly gives 

Vr =ír = (0.1495A)(200Q) = 29.9 V. 

(c) The capacitar voltage phasor is 90° less than that of the current. Thus, at t = 4.17 ms, 
we obtain 

v c =I sin(90° - (-24.3°) -9Q°)X C = IX c sin(24.3°) = (0. 164 A)(177fi) sin(24.3°) = 1 1.9 V. 

(d) The inductor voltage phasor is 90° more than that of the current. Therefore, at t = 
4.17 ms, we find 

v L = I sin(90° - (-24.3°) + 90°)Z L = -IX L sin(24.3°) = -(0. 164 A)(86.7fi) sin(24.3°) 
= -5.85V. 

(e) Our results for parts (b), (c) and (d) add to give 36.0 V, the same as the answer for 
part (a). 


87. (a) Let cot - n 1 4 = n 1 2 to obtain t = 3n 1 4co = 3n I [4(350rad / s)] = 6.73 x 1(T 3 s. 

(b) Let (ot + n/4 = rz/2 to obtain t = nlAa = nl [4(350rad / s)] = 2.24 x IO" 3 s. 

(c) Since i leads a in phase by rc/2, the element must be a capacitar. 

(d) We solve C from X c = (coC)' 1 =ejl\ 

c = ^ 6.20x10- A 90xl0 - 5F 
(30.0V)(350rad/s) 


88. (a) The amplifier is connected across the primary windings of a transformer and the 
resistor R is connected across the secondary windings. 


(b) If I s is the rms current in the secondary coil then the average power delivered to R is 
P iVg = I*R . Using /, = (N p / N s )/,,we obtain 


P = 

avg 


Next, we find the current in the primary circuit. This is effectively a circuit consisting of 
a generator and two resistors in series. One resistance is that of the amplifier (r), and the 
other is the equivalent resistance R eq of the secondary circuit. Therefore, 


F F 
j rms rms 

•" r 


' + R e , r + (N p /N s )R 
where Eq. 31-82 is used for R eq . Consequently, 


f\N p IN s ) 2 R 

avg r , -i2 - 

[r + (N p /NfR] 

Now, we wish to find the value of N p /N s such that P avg is a maximum. For brevity, let x = 
(N p /N s ) 2 .Then 


P =. £lRx 

avg 


(r + xR) 2 ' 
and the derivative with respect to x is 

dP wt ^ s 2 R{r-xR) 
dx (r + xR) 3 

This is zero for x = r/R = (I000fi)/(l0fi) = 100 . We note that for small x, P avg 
increases linearly with x, and for large x it decreases in proportion to l/x. Thus x = r/R is 
indeed a maximum, not a minimum. Recalling x = (Np/N^) 2 , we conclude that the 
maximum power is achieved for 

N IN =V^ = 10. 


The diagram that follows is a schematic of a transformer with a ten to one turns ratio. An 
actual transformer would have many more turns in both the primary and secondary coils. 


loamplilíer 



lo load rcsislancc R 


89. Resonance occurs when the inductive reactance equals the capacitive reactance. 
Reactances of a certain type add (in series) just like resistances did in Chapter 28. Thus, 
since the resonance co values are the same for both circuits, we have for each circuit: 


coLy = — — , ooL 2 = 


ooC, 


ooC, 


and adding these equations we find 


co 


(A+L 2 ): 


CO 


1 1 

— + — 


Since L = L x + L 2 and C" 1 = (C" 1 + C 2 ) , 


CO L ea = 


eq ~ coC 


resonance in the combined circuit. 


eq 


90. When switch S\ is closed and the others are open, the inductor is essentially out of the 
circuit and what remains is an RC circuit. The time constant is Tc = RC. When switch 52 
is closed and the others are open, the capacitar is essentially out of the circuit. In this case, 
what we have is an LR circuit with time constant r L = L/R. Finally, when switch S3 is 
closed and the others are open, the resistor is essentially out of the circuit and what 

remains is an LC circuit that oscillates with period T = In^LC . Substituting L = Rx L and 

C = Tc/R, we obtain T = 2%-^x c x L . 


91. When the switch is open, we have a series LRC circuit involving just the one 
capacitar near the upper right corner. Eq. 31-65 leads to 


co,,L- 


R 


1 

^á£. = tan <f> 0 = tan(-20°) = - tan 20°. 


Now, when the switch is in position 1, the equivalent capacitance in the circuit is 2C. In 
this case, we have 

1 


co d L- 


R 


2 ^- = tan^=tanl0.0 c 


Finally, with the switch in position 2, the circuit is simply an LC circuit with current 
amplitude 


1 


^ L coC, 

V d J 


2 ^ L 


where we use the fact that (co d C) 1 > co d L in simplifying the square root (this fact is 

evident from the description of the first situation, when the switch was open). We solve 
for L, R and C from the three equations above, and the results are 


(a) R = 


-120V 


/ 2 tan^ o (2.00 A) tan (-20.0°) 


= 165Q. 


(b) L = 


1-2 


tan^ 
tan^ o 


120 V 


2tt(60.0 Hz)(2.00 A) 


o > 


1-2- 


tanlO.O 
tan (-20.0°) 


= 0.313 H 


(c) 


C = 


2.00 A 


2<y^ m (l-tan^/tan^ 0 ) 2(2tt)(60.0 Hz)(120 V)(l -tan 10.0° /tan(-20.0°)) 
= 1.49 x IO" 5 F 


92. (a) Eqs. 31-4 and 31-14 lead to Q = — = iJZc = 1.27 xl(T 6 C . 

co 


(b) We choose the phase constant in Eq. 31-12 to be 0 = -n/2 , so that i 0 = / in Eq. 
31-15). Thus, the energy in the capacitar is 


U P = 


2 r<l 

q_ = Q_ 
2C 2C 


(sin cotY 


Differentiating and using the fact that 2 sin #cos 6= sin 20, we obtain 

dU p Q 2 . „ 

— = — co sin 2cot . 

dt 2C 

We find the maximum value occurs whenever sin 2cot = 1 , which leads (with n = odd 
integer) to 

1 nn nn nn r—— „_„ „ _ , 

t = = = — VLC = 8.31xl(T 5 s, 2.49xl(T 4 s,.-- . 

2co 2 Aco 4 

The earliest time is t = 8.31 x 10 5 s. 


(c) Returning to the above expression for dU E l dt with the requirement that sin2<yí = 1 . 
we obtain 


V dt 


2C 2C 4LC 2 V C 


93. (a) We observe that co = 6597 rad/s, and, consequently, X L = 594 Q and X c = 303 Q. 
Since X L > X c , the phase angle is positive: <j> = +60.0° . 


From Eq. 31-65, we obtain R = — ^ ^ = 168Q . 

tan^ 

(b) Since we are already on the "high side" of resonance, increasing / will only decrease 
the current further, but decreasing /brings us closer to resonance and, consequently, large 
values of /. 

(c) Increasing L increases Xl, but we already have Xl > Xc. Thus, if we wish to move 
closer to resonance (where X L must equal X c ), we need to decrease the value of L. 

(d) To change the present condition of X c < X L to something closer to X c = X L (resonance, 
large current), we can increase X c . Since X c depends inversely on C, this means 
decreasing C. 


94. (a) We observe that co d = 12566 rad/s. Consequently, X L = 754 Q and X c = 199 Q. 
Hence, Eq. 31-65 gives 


<j> = tan 


R 


= 1.22 rad 


(b) We find the current amplitude from Eq. 31-60: / = 


^R 2 +(x L -x c y 


= 0.288 A 


95. From Eq. 31-4, with co = 2nf = 4.49 x IO 3 rad / s, we obtain 


L = — ^ = 7.08 x 1CT 3 H. 
co 2 C 


96. (a) From Eq. 31-4, with co = 2nf ,C = 2.00 nF and L = 2.00 mH, we have 


/ = _ = 7.96xl0 4 Hz. 

27W LC 

(b) The maximum current in the oscillator is / = I r = = (oCv m „ = 4.00 x 10~ 3 A. 

(c) Using Eq. 30-49, we find the maximum magnetic energy: 

[/ = -Ii* = 1.60x10 8 J. 

o,max ^ max 

(d) Adapting Eq. 30-35 to the notation of this chapter, v max =L\dil dt l max , which yields a 
(maximum) time rate of change (for i) equal to 2.00x10 A/s. 


97. Reading carefully, we note that the driving frequency of the source is permanently set 
at the resonance frequency of the initial circuit (with switches open); it is set at co^ = 
1/\[lC= 1.58 x IO 4 rad/s and does not correspond to the resonance frequency once the 
switches are closed. In our table, below, C eq is in uF,/is in kHz, and R eq and Z are in Q. 
Steady state conditions are assumed in calculating the current amplitude (which is in 
amperes); this / is the current through the source (or through the inductor), as opposed to 
the (generally smaller) current in one of the resistors. Resonant frequencies / are 
computed with co = 2nf. Reducing capacitar and resistor combinations is explained in 
chapters 26 and 28, respectively. 



(a) 

(b) 

(c) 

(d) 

(e) 

switch 

Ceq(uP) 

/(kHz) 


Z(Q) 

I(A) 

Si 

4.00 

1.78 

12.0 

19.8 

0.605 

s 2 

5.00 

1.59 

12.0 

22.4 

0.535 


5.00 

1.59 

6.0 

19.9 

0.603 

s 4 

5.00 

1.59 

4.0 

19.4 

0.619 


1. We use ^ = 0 to obtain 

5 

O fi6 =-^O b „ =-(-lWb + 2Wb-3Wb + 4Wb-5Wb) = +3Wb. 

n=\ 


2. (a) The flux through the top is +(0.30 T)nr 2 where r = 0.020 m. The flux through the 
bottom is +0.70 mWb as given in the problem statement. Since the net flux must be zero 
then the flux through the sides must be negative and exactly cancel the total of the 
previously mentioned fluxes. Thus (in magnitude) the flux though the sides is 1.1 mWb. 


(b) The fact that it is negative means it is inward. 


3. (a) We use Gauss' law for magnetism: j B ■ dÃ = 0 . Now, 

j) B dÃ = O, +0 2 +O c , 

where ®i is the magnetic flux through the first end mentioned, 0 2 is the magnetic flux 
through the second end mentioned, and Oc is the magnetic flux through the curved 
surface. Over the first end the magnetic field is inward, so the flux is ©i = -25.0 juWb. 
Over the second end the magnetic field is uniform, normal to the surface, and outward, so 
the flux is $2 = AB = nr B, where A is the area of the end and r is the radius of the 
cylinder. It value is 

0 2 =7t(0.120m) 2 (l.60xl<r 3 T) = +7.24 x 1(T 5 Wb = +72.4 //Wb . 

Since the three fluxes must sum to zero, 

(D c = -0 1 - <D 2 = 25.0 //Wb - 72.4 //Wb = -47.4 //Wb . 

Thus, the magnitude is I O c I =47.4//Wb. 

(b) The minus sign in O c indicates that the flux is inward through the curved surface. 


4. From Gauss' law for magnetism, the flux through Si is equal to that through 52, the 
portion of the xz plane that lies within the cylinder. Here the normal direction of S 2 is +y. 
Therefore, 

OJS.) = OJS 2 )= [ B(x)Ldx = 2[ B,Ax)Ldx = 2[ ^— i —Ldx = ^ln3 . 

J - r J - r J - r 2n 2r-x n 


5. We use the result of part (b) in Sample Problem 32-1: 

B = Ms ^dE , R) 
2r dt V ' 

to solve for dEldt: 

dE _ 2Br 2(2.0xlO- 7 T)(6.0xlO- 3 m) 


dt ju Q s Q R (47rxlO" 7 T-m/A)(8.85xlO" 12 C 2 /N-m 2 )(3.0xlO" 3 m) 


6. The integral of the field along the indicated path is, by Eq. 32-18 and Eq. 32-19, equal 
to 


enclosed area 
total area 


:// 0 (0.75A) 


(4.0 cm)(2.0 cm) 
12 cm 2 


= 52 nT • m . 


7. (a) Noting that the magnitude of the electric field (assumed uniform) is given by E = 
V/d (where d = 5.0 mm), we use the result of part (a) in Sample Problem 32-1 


,> _ /W dE _ fi 0 e 0 r dV ( r <tf). 


2 dt 


2d dt 


We also use the fact that the time deriv ative of sin (cot) (where co = 2nf = 27t(60) « 377/s 
in this problem) is co cos(cot). Thus, we find the magnetic field as a function of r (for r < 
R; note that this neglects "fringing" and related effects at the edges): 


5 = /W y / ) 

2d 


^max 


2d 


where V max = 150 V. This grows with r until reaching its highest value at r = R = 30 mm: 


Mo s Q RV max co (47rxlO" 7 H/m)(8.85xlO 12 F/m)(30xl0" 3 m)(l50V)(377/s) 


\r=R 


2d 

= 1.9x10 12 T. 


2(5.0xl0" 3 m) 


(b) For r < 0.03 m, we use the expression B max = ju Q s 0 rV m , iX co 1 2d found in part (a) (note 

the B oc r dependence), and for r > 0.03 m we perform a similar calculation starting with 
the result of part (b) in Sample Problem 32-1: 


( ^i 0 £ 0 R 2 

dE^ 



dV^ 

f 

{ 2r 

dt j 

max 

v 2rd 

dt j 

max V 


^^y max «cos(^) 

2rd max V ' 


= M^V^co ( } 
2rd V 7 


(note the B oc r 1 dependence — See also Eqs. 32-16 and 32-17). The plot (with SI units 
understood) is shown below. 



8. From Sample Problem 32-1 we know that Sar for r<R and B <x f for r > R. So the 
maximum value of B occurs at r = R, and there are two possible values of r at which the 
magnetic field is 75% of B max . We denote these two values as r\ and r 2 , where r\ < R and 
r 2 >R. 

(a) Inside the capacitar, 0.75 5 max /5 max = r\IR, or r\ = 0.75 R = 0.75 (40 mm) =30 mm. 

(b) Outside the capacitar, 0.75 5 max /5 max = {rqJR)~ , or 


r 2 = tf/0.75 


4i?/3 = (4/3)(40 mm) = 53 mm. 


(c) From Eqs. 32-15 and 32-17, 


B, 


Mo l d _ Mo 1 


(47txl0- 7 T-m/A)(6.0A) 


= 3.0x10 5 T. 


2nR 2nR 


27r(0.040m) 


9. (a) Inside we have (by Eq. 32-16) B = /u {) i d r x l 2xR 2 , where r x = 0.0200 m, 
R = 0.0300 m, and the displacement current is given by Eq. 32-38 (in SI units): 


i d = e 0 = (8.85xl0~ 12 C 2 /N • m 2 )(3.00x IO" 3 V/m • s) = 2.66x IO" 14 A 


dt 

Thus we find 


B 


Ml _ (4^xlQ- 7 T-m/A)(2.66xl0 14 A)(0.0200 m) _ ^ lgxl0 -,9 T 


2nR L 2^(0.0300 m) 2 


(b) Outside we have (by Eq. 32-17) B = ju Q i d / 2n:r 2 where r 2 = 0.0500 cm. Here we 
obtain 

B _ njd _ (4g x IO 7 T • m/A)(2.66 x IO 14 A) _ { Q6 ^ 1Q _ 19 T 
2;rr 2 2^-(0.0500m) 


10. (a) Application of Eq. 32-3 along the circle referred to in the second sentence of the 
problem statement (and taking the deriv ative of the flux expression given in that sentence) 
leads to 

B(2nr) = s oJ u 0 (0.60 V • m/s) — . 

R 

Using r = 0.0200 m (which, in any case, cancels out) and R = 0.0300 m, we obtain 

_ g 0 A)(0-60 V • m/s) _ (8.85 x IO' 12 C 2 /N • m 2 )(4n x 10 7 T • m/A)(0.60 V • m/s) 

2nR ~ 2^(0.0300 m) 

= 3.54xl0~ 17 T. 

(b) For a value of r larger than R, we must note that the flux enclosed has already reached 
its full amount (when r = R in the given flux expression). Referring to the equation we 
wrote in our solution of part (a), this means that the final fraction (r/R) should be 
replaced with unity. On the left hand side of that equation, we set r = 0.0500 m and solve. 
We now find 


_ g 0 A)(0-60 V • m/s) _ (8.85 x IO' 12 C 2 /N • m 2 )(47t x IO' 7 T • m/A)(0.60 V • m/s) 

2nr ~ 2^-(0.0500m) 

= 2.13xl0~ 17 T. 


2 

11. (a) Application of Eq. 32-7 with A = nr (and taking the derivative of the field 
expression given in the problem) leads to 

BÇLnr) = s^nr 1 (0.00450 V/m • s) . 
For r = 0.0200 m, this gives 

B = |^ 0 // 0 r(0.00450 V/m • s) 

= |(8.85 x IO" 12 C 2 /N • m 2 )(47t x 10~ 7 T • m/A)(0.0200 m)(0.00450 V/m • s) 
= 5.01xl0~ 22 T. 

(b) With r>R, the expression above must replaced by 

B(2nr) = £ oJ u 0 nR 2 (0.00450 V/m • s) . 

Substituting r = 0.050 m and R = 0.030 m, we obtain B = 4.51 x 10 22 T. 


12. (a) Here, the enclosed electric flux is found by integrating 

O e = £ E Inrdr = í(0.500 V/m • s)(2^)£ (l - -^1 rJr = tn 


1 


3 A 


2 r 3R 


with SI units understood. Then (after taking the derivative with respect to time) Eq. 32-3 
leads to 


B(2nr) = s 0 ju (j 7r 


1 

— r —- 


.3 A 


3R 


For r = 0.0200 m and R = 0.0300 m, this gives B = 3.09 x 10 20 T 


(b) The integral shown above will no longer (since now r>R) have r as the upper limit; 
the upper limit is now R. Thus, 


® E =tx 


1 


R 1 - 


R 


3 A 


3R 


= -tnR 2 


Consequently, Eq. 32-3 becomes 


which for r = 0.0500 m, yields 


1 , 
B(2nr) = — s q ju 0 ttR 
6 


B = = (8.85xlQ- 12 )(47rxlQ- 7 )(0.030) 2 =1 67xlo -2o T 

I2r 12(0.0500) 


13. The displacement current is given byi d =s n A(dE I dt), where A is the area of a plate 

and E is the magnitude of the electric field between the plates. The field between the 
plates is uniform, so E = V/d, where V is the potential difference across the plates and d is 
the plate separation. Thus, 

. _ s 0 A dV 

h ~~d~~d7' 

Now, S(A/d is the capacitance C of a parallel-plate capacitar (not filled with a dielectric), 
so 

. „dV 


14. We use Eq. 32-14: i d =£ 0 A(dE/dt). Note that, in this situation, A is the area over 
which a changing electric field is present. In this case r > R, so A = kR . Thus, 


15. Let the area plate be A and the plate separation be d. We use Eq. 32-10: 


dt °dt y ' 0 dt 



_£ Q A 


[dj 

d 

V dt j 


or 


1.5 A 


dV _ i d d _ i d 
~d7~^Ã~ C~ 2.0xl(T 6 F 


= 7.5 x IO 5 V/s. 


Therefore, we need to change the voltage difference across the capacitor at the rate of 
7.5 x 10 5 V/s. 


16. Consider an area A, normal to a uniform electric field E . The displacement current 
density is uniform and normal to the area. Its magnitude is given by Jd = iJA. For this 
situation , i d =e 0 A(dE/dt), so 

1 , dE dE 


17. (a) We use §B ■ ds = // 0 / enclosed to find 


B = Mj endosed = M J <i nr ) = l //o 7 t/r = l(i,26xlO- 6 H/m)(20A/m 2 )(50xlO- 3 m) 


= 6.3xl(T 7 T 


(b) From z d = J d nr = s Q — = s Q nr — , we get 

dt dt 


dE J A 20 A/ m 2 _ . 2 V 


= 2.3 x1o 1 


í/í £ 0 8.85 xl0~ lz F/m m-s 


18. (a)From Eq. 32-10, 

i d =^ 0 ^ = ^ 0 A^^ 0 A^[(4.0xl0 5 )-(6.0xl0 4 í)] = -^ 0 A(6.0xl0 4 V/m-s) 

= -(8.85 x IO" 12 C 2 /N • m 2 ) (4.0x l(T 2 m 2 ) (6.0 x IO 4 V/m • s) 
= -2.1xlO~ 8 A. 

Thus, the magnitude of the displacement current is I i d 1 = 2.1xlO~ 8 A. 

(b) The negative sign in i d implies that the direction is downward. 

(c) If one draws a counterclockwise circular loop s around the plates, then according to 
Eq. 32-18 

<J) B • ds = jU Q i d < 0, 
which means that B ■ ds < 0 . Thus B must be clockwise. 


19. (a) In region a of the graph, 


\ l d S 0 


dt 


s 0 A 


dE 
dt 


= (8.85xl0 12 F/m)(l.6m 2 ) 


4.5xl0 5 N/C-6.0xl0 5 N/C 


4.0xlO b s 


(b) i d oc dEldt = 0. 

(c) In region c of the graph, 


\i d \=£ 0 A 


ãE_ 

dt 


= (8.85xl(T 12 F/m)(l.6m 2 ) 


-4.0xl0 5 N/C 


2.0x10 ~ 6 s 


= 2.8A. 


20. (a) Since i = id (Eq. 32-15) then the portion of displacement current enclosed is 

tt(R/3) 2 i 
i denc =i V / =- = 1.33A. 

(b) We see from Sample Problems 32-1 and 32-2 that the maximum field is at r = R and 
that (in the interior) the field is simply proportional to r. Therefore, 

B 3.00 mT r 


B 12.0mT R 


max 


which yields r = R/4 = (1.20 cm)/4 = 0.300 cm. 


(c) We now look for a solution in the exterior region, where the field is inversely 
proportional to r (by Eq. 32-17): 

B 3.00 mT R 


B 12.0mT r 


max 


which yields r = AR = 4(1.20 cm) = 4.80 cm. 


21. (a) At any instant the displacement current id in the gap between the plates equals the 
conduction current i in the wires. Thus id = i = 2.0 A. 

(b) The rate of change of the electric field is 


dE 


dt s n A 


o 71 V 


d®, 
dt 


_ l d _ 


2.0 A 


s»A (8.85x10 12 F/m)(l.0m) 2 


= 2.3x10" 


V 


m-s 


(c) The displacement current through the indicated path is 


= (2.0A) 


0.50m 
l.Om 


= 0.50A. 


(d) The integral of the field around the indicated path is 


§B-ds = jU 0 i' d =(l.26xl0" 16 H/m)(0.50A) = 6.3xl0" 7 T-m. 


22. From Eq. 28-1 1, we have i = (sl R) e Í/T since we are ignoring the self-inductance of 
the capacitar. Eq. 32-16 gives 


2nR 2 

Furthermore, Eq. 25-9 yields the capacitance 


c = ^(0.05m) =2318xlQ -n F 
0.003 m 


so that the capacitive time constant is 


x = (20.0x 10 6 Q)(2.318x 10" 11 F) = 4.636 x 10~ 4 s. 
At t = 250 x 10 6 s, the current is 

' = 20.'o?iõ'n e ""' =3 - 50><10 " 7A - 

Since i = id (see Eq. 32-15) and r = 0.0300 m, then (with plate radius R = 0.0500 m) we 
find 

B _ njj _ (47ixlQ- 7 T-m/A)(3.50xlQ- 7 A)(0.030 m) _ g 40xl0 - 13 T 
2nR 2 2^-(0.050m) 2 


oi (l.62xl0" 8 Q-m)(l00A) 

23. (a) Using Eq. 27-10, we find E = pJ = ^ = ^ = 0.324 V/m. 

A 5.00x10 6 m 2 1 


(b) The displacement current is 
d® 


l d — £ 0 E - £ 0 A - £ Q A 


dE_ 

dt " dt 
= 2.87x10 ~ 16 A. 


d ( pi] di 
dt 


V J 


= ^ 0 p — = (8.85x10 12 F/m)(l.62xlO" 8 Q)(2000A/s) 


■ rriJ . 5(dueto/J uJj2nr i, 2.87 x IO" 16 A ^ ^ 18 
(c) The ratio of fields is — ^ ^ = ^4 = — = = 2.87 x 10 


5(duetoz) ju Q i/2nr i 


100A 


24. (a) Fig. 32-35 indicates that i = 4.0 A when t = 20 ms. Thus, 

Bi = n 0 i/2nr = 0.089 mT. 

(b) Fig. 32-35 indicates that i = 8.0 A when t = 40 ms. Thus, « 0.18 mT. 

(c) Fig. 32-35 indicates that i = 10 A when t > 50 ms. Thus, 5, * 0.220 mT. 

(d) Eq. 32-4 gives the displacement current in terms of the time-derivative of the electric 
field: id = &oA(dE/dt), but using Eq. 26-5 and Eq. 26-10 we have E = pi/A (in terms of the 
real current); therefore, id = e 0 p(di/dt). For 0 < t < 50 ms, Fig. 32-35 indicates that di/dt = 
200 A/s. Thus, Bid= \i 0 i d l2nr = 6.4 x 10~ 22 T. 

(e) As in (d), B id = \i 0 idl2nr = 6.4 x 10~ 22 T. 

(f) Here di/dt = 0, so (by the reasoning in the previous step) 5 = 0. 

(g) By the right-hand rule, the direction of B i at t = 20 s is out of page. 

(h) By the right-hand rule, the direction of B id at t = 20 s is out of page. 


25. (a) Eq. 32-16 (with Eq. 26-5) gives, with A = nR 2 , 

2^i? 2 2^-i? 2 2^-i? 2 2 0 d 

= ^-(4tcx1(T 7 T • m/A)(6.00 A/m 2 )(0.0200 m) = 75.4 nT . 

(b) Similarly, Eq. 32-17 gives B = = ^ J d nR = 67 9 nT 

2;rr 2;rr 


26. (a)Eq. 32-16 gives B = J^hL = 2.22 //T 

2tiR 

(b) Eq. 32-17 gives B = = 2.00 juT . 

2nr 


27. (a) Eq. 32-11 applies (though the last term is zero) but we must be careful with id,enc- 
It is the enclosed portion of the displacement current, and if we related this to the 
displacement current density Jd , then 


h e„ c = £ J d lnr dr = ( 4 - 00 A/m 2 X 2;r ) £ ( l -r/R)rdr = Sx 


r \ r 3 ^ 


V' 


3R 


with SI units understood. Now, we apply Eq. 32-17 (with y replaced with id,enc) or start 

from scratch with Eq. 32-1 1, to get B = — denc = 27.9 nT . 

lnr 


(b) The integral shown above will no longer (since now r>R) have r as the upper limit; 
the upper limit is now R. Thus, 

r \ R 3 } 4 
-R 2 - — =-ttR 2 . 
2 3R 3 


Now Eq. 32-17 gives 5 = ^^ = 15.1nT. 

lnr 


28. (a) Eq. 32-11 applies (though the last term is zero) but we must be careful with id,enc- 
It is the enclosed portion of the displacement current. Thus Eq. 32-17 (which derives 
from Eq. 32-1 1) becomes, with y replaced with id,eoc, 

B= W<unc = ^ 0 (3.00A)(r//g) 
which yields (after canceling r, and setting R = 0.0300 m) B = 20.0 |u, T. 


(b) Here i d = 3.00 A, and we get B = = 12.0 //T . 

2nr 


29. (a) At any instant the displacement current ia in the gap between the plates equals the 
conduction current i in the wires. Thus z max = «dmax = 7.60 /uA. 


(b) Since ia = So (dO E /dt), 


'dO l 
dt 


dmax 


7 - 60xl »r A =859x 1 tfy. n ys. 

8.85x10 12 F/m ' 


(c) According to Problem 32-13, the displacement current is 

, dV s n A dV 


dt 


d dt 


Now the potential difference across the capacitor is the same in magnitude as the emf of 
the generator, so V = s m sin cot and dVIdt = cos m cos cot. Thus, i d = (s 0 Acos m I d) cos cot 


and í. = s ( ,Acos m l d. This means 

rí max U m 


£. o A^ m (8.85 x IO" 12 F/m) rc(0. 180 m) 2 (I30rad/s) (220 V) 


3.39x10 3 m, 


dmax 


7.60 x IO" 6 A 


where A = nR was used. 


(d) We use the Ampere-Maxwell law in the form j) B ■ ds = ju 0 I d , where the path of 

integration is a circle of radius r between the plates and parallel to them. Ia is the 
displacement current through the area bounded by the path of integration. Since the 
displacement current density is uniform between the plates, Ia = (r IR )ia, where ia is the 
total displacement current between the plates and R is the plate radius. The field lines are 
circles centered on the axis of the plates, so B is parallel to ds . The field has constant 
magnitude around the circular path, so <p B ■ ds = 2nrB . Thus, 


2nrB = ju 0 


B = 


2nR 2 ' 


The maximum magnetic field is given by 


ui r Í47txl0~ 7 T-m/AV7.6xl0~ 6 A)(0.110m) 
, 2 =- r-TTTTI ,2 ^ = 5.16xKT 12 T. 


InR 1 


27t(0.180m) 


30. (a) The flux through Arizona is 

O = -5 r A = -(43xl0" 6 T)(295,000km 2 )(l0 3 m/km) 2 =-1.3xl0 7 Wb , 

inward. By Gauss' law this is equal to the negative value of the flux O' through the rest of 
the surface of the Earth. So O' = 1.3 x IO 7 Wb. 


(b) The direction is outward. 


31. The horizontal component of the EaruYs magnetic field is given by B h =5cos^, , 
where B is the magnitude of the field and tf> i is the inclination angle. Thus 

cos^, cos 73° 


32. We use Eq. 32-27 to obtain 

AU = -A(ju SyZ B) = -BAii s , z , 
where ju s z = ±eh/4nm e =±/u B (see Eqs. 32-24 and 32-25). Thus, 

AU = -B[ju B - {-Mb)] = 2 Vb B = 2 (9-27 x 1CT 24 J/T)(0.25T) = 4.6 x IO" 24 J . 


33. We use Eq. 32-31: ju 0 rb, z = -m e /UB- 

(a) For m t = 1, // orb , z = -(1) (9.3 x 1(T 24 J/T) = -9.3 x IO" 24 J/T. 

(b) For m e = -2, // orb , z = -(-2) (9.3 x IO" 24 J/T) = 1.9 x IO" 23 J/T. 


34. Combining Eq. 32-27 with Eqs. 32-22 and 32-23, we see that the energy difference 

AU = 2ju B B 

where \i B is the Bohr magneton (given in Eq. 32-25). With At/ = 6.00 x 10~ 25 J, 
obtain B = 32.3 mT. 


35. (a) Since m t = O, L orb , z = m e h/2n = 0. 

(b) Since m t = O, // orb , z = -m f ju B = 0. 

(c) Since m f = O, then from Eq. 32-32, U = -jUofb, z B ext = -m t /u B B ext = 0. 

(d) Regardless of the value of m e , we find for the spin part 

U = -ju s z B = ±jU B B = ±(9.27 x IO" 24 J/T)(35mT) = ±3.2 x IO" 25 J 

(e) Now m, = -3, so 


m h (-3) Í6.63xlCr 27 J-s) 
r=?bl = ^_n ^ = -3.16xl(T 34 J-s*-3.2xl0- 34 J-s 


(f) and // orbz =-m ei u B =-(-3) (9.27xlCT 24 J/t) = 2.78x1(T 23 J/T*2.8xl(T 23 J/T . 

(g) The potential energy associated with the electron's orbital magnetic moment is now 

í/=-^ orb ,Ax t =-(2.78xl0- 23 J/T)(35xl0- 3 T) = -9.7xl0- 25 J. 

(h) On the other hand, the potential energy associated with the electron spin, being 
independent of m t , remains the same: ±3.2 x 10 J. 


36. (a) The potential energy of the atom in association with the presence of an externai 
magnetic field 5 ext is given by Eqs. 32-31 and 32-32: 

U = -/U • B en = -// orb>z fi ext = -m t ti B B ext . 

For levei E\ there is no change in energy as a result of the introduction of B ext , so U <x m t 
= 0, meaning that m e = 0 for this levei. 

(b) For levei E 2 the single levei splits into a triplet (i.e., three separate ones) in the 
presence of B ext , meaning that there are three different values of m t . The middle one in 
the triplet is unshifted from the original value of E 2 so its m t must be equal to 0. The 
other two in the triplet then correspond to m e = -1 and m t = +1, respectively. 

(c) For any pair of adjacent leveis in the triplet \Am ( I = 1. Thus, the spacing is given by 
AU = I A(-m^ B B) \ = \Am f \ ^ B B = ^ B B = (9.27 x 1CT 24 J/T)(0.50T) = 4.64x IO" 24 J. 


37. (a) A sketch of the field lines (due to the presence of the bar magnet) in the vicinity of 
the loop is shown below: 


soutli pole 









(b) The primary conclusion of §32-9 is two-fold: u is opposite to B , and the effect of F 
is to move the material towards regions of smaller I B I values. The direction of the 
magnetic moment vector (of our loop) is toward the right in our sketch, or in the +x 
direction. 

(c) The direction of the current is clockwise (from the perspective of the bar magnet.) 

(d) Since the size of I B I relates to the "crowdedness" of the field lines, we see that F is 
towards the right in our sketch, or in the +x direction. 


38. An electric field with circular field lines is induced as the magnetic field is turned on. 
Suppose the magnetic field increases linearly from zero to B in time t. According to Eq. 
31-27, the magnitude of the electric field at the orbit is given by 


E = 


r\dB_ 
2]~dt 


where r is the radius of the orbit. The induced electric field is tangent to the orbit and 
changes the speed of the electron, the change in speed being given by 


Av = at = — t = 

m„ 


( \ 
e 


\ m eJ 


t = 


erB 

2m„ 


The average current associated with the circulating electron is i = ev/2nr and the dipole 
moment is 


ju= Ai = (rir 2 ) 


ev ^ 
2nr y 


1 


-evr 


The change in the dipole moment is 


Au = —erAv = —er 
2 2 


erB 


e 2 r 2 B 


39. The magnetization is the dipole moment per unit volume, so the dipole moment is 
given by /u = MV, where M is the magnetization and V is the volume of the cylinder 

( V = nr 2 L , where r is the radius of the cylinder and L is its length). Thus, 

H = Mnr 2 L = (5.30 x 10 3 A/m)7r(0.500 x 1(T 2 mf (5.00 x 1(T 2 m) = 2.08 x IO" 2 J/T . 


40. Reviewing Sample Problem 32-3 before doing this exercise is helpful. Let 

3 


K = -kT = 
2 


which leads to 


T = 


Ji-B-[-Ji-B) =2juB 

4//fí_ 4(1.0 xlQ- 23 J/T)(0.50T) 
3k ~ 3(1.38 x IO" 23 J/K) 


= 0.48 K 


41. For the measurements carried out, the largest ratio of the magnetic field to the 
temperature is (0.50 T)/(10 K) = 0.050 T/K. Look at Fig. 32-14 to see if this is in the 
region where the magnetization is a linear function of the ratio. It is quite close to the 
origin, so we conclude that the magnetization obeys Curie's law. 


42. (a) From Fig. 32-14 we estimate a slope of BIT = 0.50 T/K when M/M max = 50%. So 
B = 0.50 T = (0.50 T/K)(300 K) = 1.5xl0 2 T. 

(b) Similarly, now B/T*2soB = (2)(300) = 6.0xl0 2 T. 

(c) Except for very short times and in very small volumes, these values are not attainable 
in the lab. 


43. (a) A charge e traveling with uniform speed v around a circular path of radius r takes 
time T = 2nr/v to complete one orbit, so the average current is 


. _ e _ ev 
~ T ~ 2nr ' 

The magnitude of the dipole moment is this multiplied by the area of the orbit: 

ev 2 evr 
jU = nr = . 

2nr 2 

Since the magnetic force with magnitude evB is centripetal, Newton' s law yields evB = 
m e v Ir, so r = m e v I eB. Thus, 


' m e v^ 



(1 





m e v 2 

{eB j 




) 


The magnetic force -ev x B must point toward the center of the circular path. If the 
magnetic field is directed out of the page (defined to be +z direction), the electron will 
travei counterclockwise around the circle. Since the electron is negative, the current is in 
the opposite direction, clockwise and, by the right-hand rule for dipole moments, the 
dipole moment is into the page, or in the -z direction. That is, the dipole moment is 
directed opposite to the magnetic field vector. 

(b) We note that the charge canceled in the derivation of ju = KJB. Thus, the relation ju = 
KJB holds for a positive ion. 

(c) The direction of the dipole moment is -z, opposite to the magnetic field. 

(d) The magnetization is given by M = ju e n e + where ju e is the dipole moment of an 
electron, n e is the electron concentration, juí is the dipole moment of an ion, and n, is the 
ion concentration. Since n e = riu we may write n for both concentrations. We substitute /u e 
= KJB and juí = KJB to obtain 

M =-(K +^> 5 - 3xlQ21m ' 3 (6.2xlO- 2() J+7.6xlO- 21 j) = 3.1xl0 2 A/m. 
B \ c ,j 12T v ) i 


44. Section 32-10 explains the terms used in this problem and the connection between M 
and \i. The graph in Fig. 32-39 gives a slope of 


Thus we can write 


M/M,„ = 0.15 
B exl /T 0.20 T/K 


". = (0.75^)^1 = 0.30. 


A™ 2-00 K 


45. (a) We use the notation P(ju) for the probability of a dipole being parallel to B , and 
P(-ju) for the probability of a dipole being antiparallel to the field. The magnetization 
may be thought of as a "weighted average" in terms of these probabilities: 


M = 


N M P( M )-N M P(- M ) _ Nju(e^ KT -e-" B/KT ) 


= N/u tanh 


ykTj 


(b) For fiB « kT (that is, //fi I kT « 1 ) we have e ±MBIkT « 1 ± f^BIkT, so 


M = Nju tanh 


fS\ Nju[{l + fjB/kT) - (1 - /g/gj] = Nj u 2 B 
\kT )~ (l + juB/kT) + (l-juB/kT) ~ kT 


(c) For juB » fcr we have tanh (juB/kT) « 1, so Af = A/// tanh 


AT 


(d) One can easily plot the tanh function using, for instance, a graphical calculator. One 
can then note the resemblance between such a plot and Fig. 32-14. By adjusting the 
parameters used in one's plot, the curve in Fig. 32-14 can reliably be fit with a tanh 
function. 


46. (a) The number of iron atoms in the iron bar is 

(7.9 g/cm 3 ) (5.0 cm) ( 1.0 cm 2 ) 

N = i f?í !± í = 4 3 x 10 

(55.847 g/mol)/(6.022 x 10 23 /mol) 
Thus the dipole moment of the iron bar is 

ju = (2.1 x IO" 23 J/T) (4.3 x IO 23 ) = 8.9 A • m 2 . 

(b) t= juB sin 90° = (8.9 A • m 2 )(1.57 T) = 13 N • m. 


Mo M 

the dipole moment and z is the distance from the dipole. Thus, 


47. (a) The field of a dipole along its axis is given by Eq. 30-29: B = — — , where ju is 

2n z 


Un xl0 7 T- m/ A)(l.5 x 1CT 23 J/T) 

B = - / n x ^ = 3.0xl0" 6 T. 

27i(l0xl0" 9 m) 

(b) The energy of a magnetic dipole Ji in a magnetic field B is given by 

U = -Ji ■ B = -/uB cos tj) , 

where <j> is the angle between the dipole moment and the field. The energy required to 
turn it end-for-end (from </)= 0 o to </>= 180°) is 

AU = 2{£ = 2(1.5 x 1(T 23 J/T)(3.0 x l(r 6 T) = 9.0 x 10 29 J = 5.6 x IO" 10 eV. 


The mean kinetic energy of translation at room temperature is about 0.04 eV. Thus, if 
dipole-dipole interactions were responsible for aligning dipoles, collisions would easily 
randomize the directions of the moments and they would not remain aligned. 


48. The Curie temperature for iron is 770°C. If x is the depth at which the temperature 
has this value, then 10°C + (30°C/km)x = 770°C. Therefore, 


770°C-10°C 

x = = 25 km. 

30° C/km 


49. The saturation magnetization corresponds to complete alignment of ali atomic dipoles 
and is given by M sat = jun, where n is the number of atoms per unit volume and ju is the 
magnetic dipole moment of an atom. The number of nickel atoms per unit volume is n = 
p/m, where p is the density of nickel. The mass of a single nickel atom is calculated using 
m = MIN A , where M is the atomic mass of nickel and N A is Avogadro' s constant. Thus, 

d m (8.90g/cm 3 )(6.02xl0 23 atoms/mol) 

n = ^ = * ^ '- = 9. 126 x IO 22 atoms/cm 3 

M 58.71g/mol 

= 9.126xl0 28 atoms/m 3 . 


The dipole moment of a single atom of nickel is 


50. From Eq. 29-37 (see also Eq. 29-36) we write the torque as r = -\iBh siné? where the 
minus indicates that the torque opposes the angular displacement 6 (which we will 
assume is small and in radians). The small angle approximation leads to 
r ~ -juB h 6 , which is an indicator for simple harmonic motion (see section 16-5, 

especially Eq. 16-22). Comparing with Eq. 16-23, we then find the period of oscillation 
is 


where / is the rotational inertial that we asked to solve for. Since the frequency is given as 
0.312 Hz, then the period is T= l/f= 1/(0.312 Hz) = 3.21 s. Similarly, B h = 18.0 x IO 6 T 
and \i = 6.80 x 10 4 J/T. The above relation then yields /= 3.19 x 10 9 kg m 2 . 



51. (a) The magnitude of the toroidal field is given by 5o = jUoni p , where n is the number 
of turns per unit length of toroid and i p is the current required to produce the field (in the 
absence of the ferromagnetic material). We use the average radius (r avg = 5.5 cm) to 
calculate n: 


Thus, 


N 400 turns 3 

n = = = 1.16x10 turns/m 

27ir avg 27t(5.5xl0~ 2 m) 


/ -A- 0-20x10^ -014A 

p ju 0 n (47rxlO" 7 T-m/A)(1.16xl0 3 /m) 


(b) If O is the magnetic flux through the secondary coil, then the magnitude of the emf 
induced in that coil is s = N(dO/dt) and the current in the secondary is i s = s/R, where R is 
the resistance of the coil. Thus, 

v R ) dt ' 


The charge that passes through the secondary when the primary current is turned on is 


= \idt = — dt = — ú?0 = 


iVr* 


The magnetic field through the secondary coil has magnitude B = Bo + Bm = 8015o, 
where Bm is the field of the magnetic dipoles in the magnetic material. The total field is 
perpendicular to the plane of the secondary coil, so the magnetic flux is O = AB, where A 
is the area of the Rowland ring (the field is inside the ring, not in the region between the 
ring and coil). If r is the radius of the ring's cross section, then A = nr . Thus, 

O = 801to- 2 5 0 . 

The radius r is (6.0 cm - 5.0 cm)/2 = 0.50 cm and 

O = 80l7t(0.50xl0~ 2 m) 2 (0.20xl0~ 3 T) = 1.26xl0~ 5 Wb . 

Consequently, 

50(1.26x10-' Wb) ^ 
8.0 Q 


52. (a) Eq. 29-36 gives 

t = frodB sin0= (2700 A/m)(0.06 m)7t(0.003 m) 2 (0.035 T)sin(68°) = 1.49 x IO" 4 N-m. 

We have used the fact that the volume of a cylinder is its length times its (circular) cross 
sectional area. 

(b) Using Eq. 29-38, we have 

AU = - // ro d5(cos 9/ - cos 6,) 

= -(2700 A/m)(0.06 m)7t(0.003m) 2 (0.035T)[cos(34°) - cos(68°)] 
= -72.9 uJ. 


53. (a) If the magnetization of the sphere is saturated, the total dipole moment is // t otai = 
Nju, where N is the number of iron atoms in the sphere and ju is the dipole moment of an 
iron atom. We wish to find the radius of an iron sphere with ./V iron atoms. The mass of 
such a sphere is Nm, where m is the mass of an iron atom. It is also given by 4npR 3 /3, 
where p is the density of iron and R is the radius of the sphere. Thus Nm = 4npR 13 and 


N = 


4npR i 
3m 


We substitute this into // to tai = Nju to obtain 


/Aotal 


4npR^ 
3m 


R = 


fn V' 3 
3m// K 


total 


4npju 


The mass of an iron atom is m = 56 u = (56 u)(l.66 x IO 27 kg/u) = 9.30 x IO 26 kg . 
Therefore, 


R 


3(9.30 x IO" 26 kg) (8.0 x IO 22 J/T) 
4tt(14 x IO 3 kg/m 3 )(2.1 x 10 23 J/T) 


1/3 


= 1.8xl0 5 m. 


(b) The volume of the sphere is V s = ^7? 3 = ^(l.82 x 10 5 m) 3 = 2.53 x 10 16 m 3 and the 
volume of the Earth is 

v e = y( 631 x 10f>m ) 3 = L08 x 1()21m3 ' 


so the fraction of the Earth' s volume that is occupied by the sphere is 

2.53 x IO 16 m 3 


1.08 x IO 21 m 3 


= 2.3 x 10" 


54. (a) Inside the gap of the capacitar, 5 1 = HoiarJlnR (Eq. 32-16); outside the gap the 

2 

magnetic field is B 2 = [i 0 id/2nr 2 (Eq. 32-17). Consequently, B 2 = B\R lr x r 2 = 16.7 nT. 

2 

(b) The displacement current is i d = 2nB\R l\i 0 r x = 5.00 mA. 


55. (a) The Pythagorean theorem leads to 


B = p 2 h+ Bl = 


4nr 3 


COSÀ 


+ 


2nr 3 


sin X„ 


2 2 

where cos X m + sin X m =l was used. 


(b) We use Eq. 3-6: 


56. (a) At the magnetic equator (k m = 0), the field is 

nu (47tx1(T 7 T-m/A) Í8.00xl0 22 A-m 2 ) 
4nr 47r(6.37xl0 6 m) 

(b) = tan 1 (2 tan X m ) = tan 1 (0) = 0 o . 

(c) At X m = 60.0°, we find 

B = J^Ll l+3ún 2 X = ( 3 .i0xl0 - 5 Wl+3sin 2 60.0°=5.59xl(T 5 T. 
4nr v ; 

(d) $ = tan" 1 (2 tan 60.0°) = 73.9°. 

(e) At the north magnetic pole (k m = 90.0°), we obtain 


B = ^L^l + 3ún 2 X m =(3.10xl0" 5 ) > /l + 3(l.00) 2 = 6.20x10 5 T. 


(f) é = tan 1 (2 tan 90.0°) = 90.0 C 


57. (a) From /u = iA = inR 2 e we get 


. u 8.0xlCTJ/T „ » A 

i = -Ar = 7 T = 6.3 x 10 A . 

nR 2 e tt(6.37x10 6 m) 2 

(b) Yes, because far away from the Earth the fields of both the Earth itself and the current 
loop are dipole fields. If these two dipoles cancel each other out, then the net field will be 
zero. 


(c) No, because the field of the current loop is not that of a magnetic dipole in the region 
close to the loop. 


58. (a) At a distance r from the center of the Earth, the magnitude of the magnetic field is 
given by 

fi = f4V 1 + 3sin 2 À m , 

where /u is the Earth' s dipole moment and X m is the magnetic latitude. The ratio of the 
field magnitudes for two different distances at the same latitude is 


b 2 _ n 


With B\ being the value at the surface and B 2 being half of B\, we set r\ equal to the 
radius R e of the Earth and r 2 equal to R e + h, where h is altitude at which B is half its 
value at the surface. Thus, 

2 (R e+h f 

Taking the cube root of both sides and solving for h, we get 

h = ( 2 1/3 - 1) R e = ( 2 1/3 - 1) ( 6370km) = 1 .66 x IO 3 km. 

(b) We use the expression for B obtained in Problem 32-55, part (a). For maximum B, we 
set sin X m = 1.00. Also, r = 6370 km - 2900 km = 3470 km. Thus, 

u u i : (4ttx10 7 T-m/A) Í8.00xl0 22 A-m 2 ) i ; -r 

* max =f4Vl + 3sin 2 ^ / M - , 3 ^ 1 + 31 -°° 

4nr 47r(3.47xl0 6 m) 

= 3.83xl0~ 4 T. 

(c) The angle between the magnetic axis and the rotational axis of the Earth is 11.5°, so 
X m = 90.0° - 1 1.5° = 78.5° at Earth' s geographic north pole. Also r = R e = 6370 km. Thus, 

MoM I ~ (4KXÍ0 1 T-m/A) (8.0xl0 22 J/T) Vl + 3sin 2 78.5° 

B = ^--Jl + 3sin X m = 3 

4nR E 47r(6.37xl0 6 my 

= 6.11x10 5 T. 

(d) = tan-'(2tan78.5°) = 84.2° . 

(e) A plausible explanation to the discrepancy between the calculated and measured 
values of the Earth' s magnetic field is that the formulas we obtained in Problem 32-55 are 
based on dipole approximation, which does not accurately represent the Earth' s actual 
magnetic field distribution on or near its surface. (Incidentally, the dipole approximation 
becomes more reliable when we calculate the Earth' s magnetic field far from its center.) 


59. Let R be the radius of a capacitar plate and r be the distance from axis of the capacitar. 
For points with r < R, the magnitude of the magnetic field is given by 

B = // 0 g 0 r dE 
2 dt ' 

and for r > R, it is 

_ ju Q s 0 R 2 dE 


B 


2r dt 


The maximum magnetic field occurs at points for which r = R, and its value is given by 
either of the formulas above: 

= y 0 s 0 R dE 
°" 2 dí ' 

There are two values of r for which B = B max /2: one less than R and one greater. 

(a) To find the one that is less than R, we solve 

jU 0 s 0 r dE _ ju Q s Q R dE 
2 dt 4 dt 

for r. The result is r = R/2 = (55.0 mm)/2 = 27.5 mm. 

(b) To find the one that is greater than R, we solve 

jU 0 s 0 R 2 dE _ ju Q s Q R dE 
2r dt 4 dt 

for r. The result is r = 2R = 2(55.0 mm) =110 mm. 


60. (a) The period of rotation is T = 2nla> and in this time ali the charge passes any fixed 
point near the ring. The average current is i = q/T = qco/2n and the magnitude of the 
magnetic dipole moment is 

.. qco 2 1 2 

jU = lA = nr = —qcor . 

2n 2 


(b) We curl the fingers of our right hand in the direction of rotation. Since the charge is 
positive, the thumb points in the direction of the dipole moment. It is the same as the 
direction of the angular momentum vector of the ring. 


61. (a) For a given value of £, m e varies from - 
number of different m t 's is 21 + 1 = 2(3) + 1 = 
of seven different values of L or \, z . 


í to +£ . Thus, in our case í = 3, and the 
7. Thus, since L orbjZ cc m t , there are a total 


(b) Similarly, since ju or b, z x m e , there are also a total of seven different values of //orb, z . 


(c) Since L 0 rb,z = m t h/2n, the greatest allowed value of L or b,z is given by \m e \ max h/2n = 
3h/2n. 

(d) Similar to part (c), since jUo T b, z = -m f jUB, the greatest allowed value of ju or b, z is given by 
I tn t \ max jUB = 3eh/4nm e . 

(e) From Eqs. 32-23 and 32-29 the z component of the net angular momentum of the 
electron is given by 

m,h m h 
L, =L. +L = — - — l — — . 

net,z orb.z ,. t ^ 2 _ 

For the maximum value of L net , z let m t = [ m f ] max = 3 and m s = \ . Thus 


3 + - 
l 2j 


35 h 


2n 2% 


(f) Since the maximum value of L neU is given by [mj] max h/2n with [m/] max = 3.5 (see the 
last part above), the number of allowed values for the z component of L net , z is given by 
2[mj] max + 1 = 2(3.5) +1 = 8. 


62. (a) Eq. 30-22 gives B = = 222 juT . 


(b) Eq. 30-19 (or Eq. 30-6) gives B = = 167 juT . 

2nr 

(c) As in part (b), we obtain a field of B = -^1 = 22.7 //T . 

(d) Eq. 32-16 (with Eq. 32-15) gives fí = ^kL = 1.25 //T . 

(e) As in part (d), we get B = = 3.75 //T . 

(f) Eq. 32-17 yields 5 = 22.7 ^T. 

(g) Because the displacement current in the gap is spread over a larger cross-sectional 
area, values of B within that area are relatively small. Outside that cross-sectional area, 
the two values of B are identical. See Fig. 32-22Z?. 


63. (a) The complete set of values are 

{-4, -3, -2, -1, 0, +1, +2, +3, +4} => nine values in ali. 

(b) The maximum value is 4|u, B = 3.71 x 10 J/T. 

(c) Multiplying our result for part (b) by 0.250 T gives U = +9.27 x 10 24 J. 

(d) Similarly, for the lower limit, tf = -9.27 x 10 24 J. 


64. (a) Using Eq. 32-31, we find 

// 0 rb,z = -3/íb = -2.78 x 10 23 J/T. 

(That these are acceptable units for magnetic moment is seen from Eq. 32-32 or Eq. 32- 
27; they are equivalent to Am ). 

(b) Similarly, for m f = -4 we obtain //o r b, z = 3.71 x 1(T 23 J/T. 


65. The interacting potential energy between the magnetic dipole of the compass and the 
Earth's magnetic field is 

U = -Ji ■ B e = -juB e cos 0 , 


where 6*is the angle between ~ju and B e . For small angle 6 


U(0) = -juB e cos0*-juB e 


( n2\ 


1- 


e 1 


V 2 y 


where k= juB e . Conservation of energy for the compass then gives 

1 


1 (d6^ 2 


ydt j 


+ — K0 1 =const. 
2 


This is to be compared with the following expression for the mechanical energy of a 
spring-mass system: 

1 (drY 1 , 2 
-m — + — kx =const. , 
dt 2 


which yields co = ^jk/m . So by analogy, in our case 


a> = 


1 ml 2 12 


which leads to 


^ = mlW = (0-050 kg)(4.0 x 1Q~ 2 m) (45rad/s) 2 _ g ^ ^ ^ 


12B 


12(16 x IO" 6 T) 


66. The definition of displacement current is Eq. 32-10, and the formula of greatest 
convenience here is Eq. 32-17: 


2nr B 2tt (0.0300 m) (2.00 x IO" 6 T) 
t mb_ = _K ^ ^ = 0.300 A 

ju 0 47txl0- 7 T-m/A 


67. (a) Using Eq. 32-13 but noting that the capacitar is being discharged, we have 


d\E\ 

dt 


5.0 A 


s 0 A 


(8.85 xl(T 12 C7N-m 2 )(0.0080 m) 2 


= -8.8xl0 15 V/m-s 


(b) Assuming a perfectly uniform field, even so near to an edge (which is consistent with 
the fact that fringing is neglected in §32-4), we follow part (a) of Sample Problem 32-2 
and relate the (absoluta value of the) line integral to the portion of displacement current 
enclosed: 


Bds 


/Ví/.enc A) 


WH 


= 5.9xl(T 7 Wb/m. 


68. (a) From Eq. 32-1, we have 

(<D B ). n =(O B ) 0ut =0.0070Wb + (0.40T)(7rr 2 ) = 9.2xl0" 3 Wb. 

Thus, the magnetic of the magnetic flux is 9.2 mWb. 
(b) The flux is inward. 


69. (a) We use the result of part (a) in Sample Problem 32-1: 


5 = ^W— (for r ZR), 
2 dt V ; 


where r = 0.807? , and 


dE _ d 
dt dt 


]_d_ 
d dt 


(v^)=-V /r 

rd 


Here V 0 = 100 V. Thus, 


B{t) = 


) 


V, 


rd 


/fogpjV -t/x 

2 rd 


(4k x IO" 7 T- m/A) (8.85 x 10 12 1 £ r )(l00V)(0.80)(l6mm) 


/12ms 


2(12 x IO" 3 s)(5.0mm) 


= -(1.2 x IO" 13 T)e '< 


/12ms 


The magnitude is|fl(í)| = (l.2xlO~ 13 T)<r f ' 


-í/12ms 


(b) At time t = 3r, B(t) = -(1.2 x IO" 13 T)^ 3z/r = -5.9 x IO" 15 T, with a magnitude \B(t)\= 
5.9 x IO" 15 T. 


70. (a) Again from Fig. 32-14, for M/M max = 50% we have BIT = 0.50. So T = 5/0.50 = 
2/0.50 = 4 K. 

(b) Now BIT = 2.0, so T = 2/2.0 = 1 K. 


71. Let the area of each circular plate be A and that of the central circular section be a, 
then 

A nR 2 

— = r = 4 • 

a n(R/2) 


Thus, from Eqs. 32-14 and 32-15 the total discharge current is given by i = id = 4(2.0 A) 
= 8.0 A. 


72. Ignoring points where the determination of the slope is problematic, we find the 
interval of largest A É At is 6 //s < t < 7 //s. During that time, we have, from Eq. 32-14, 


A 


At 


= £ 0 (2.0m 2 )(2.0xl0 6 V/m) 


which yields ij = 3.5 x 10 5 A. 


73. (a) A sketch of the field lines (due to the presence of the bar magnet) in the vicinity of 
the loop is shown below: 



(b) For paramagnetic materiais, the dipole moment Ji is in the same direction as B . From 
the above figure, Ji points in the -x direction. 

(c) Forni the right-hand rule, since Ji points in the -x direction, the current flows 
counterclockwise, from the perspective of the bar magnet. 


(d) The effect of F is to move the material towards regions of larger 


B 


values. Since 


the size of 


B 


relates to the "crowdedness" of the field lines, we see that F is towards 


the left, or -x. 


74. (a)FromEq. 21-3, 

e (l.60xlO- 19 C)(8.99xl0 9 N-m 2 /C 2 ) 
^s Q r 2 (5.2xKT n m) 2 


(b) We use Eq. 29-28: 

M ju p (47ixl0- 7 T-m/A)(l.4xl0- 26 J/T) 


B = 


2 * r 27t(5.2xl(T 11 m) 


(c) From Eq. 32-30, 

// orb _ eh/4nm e _y B _ 927 x IO 24 J/T 
Mp Mp Mp 1.4 x IO 26 J/T 


75. (a) Since the field lines of a bar magnet point towards its South pole, then the B 
arrows in one's sketch should point generally towards the left and also towards the 
central axis. 

(b) The sign of B dA for every dA on the side of the paper cylinder is negative. 

(c) No, because Gauss' law for magnetism applies to an enclosed surface only. In fact, if 
we include the top and bottom of the cylinder to form an enclosed surface S then 

j) B ■ dÃ = 0 will be valid, as the flux through the open end of the cylinder near the 
magnet is positive. 


1. (a) From Fig. 33-2 we find the smaller wavelength in question to be about 515 nm. 

(b) Similarly, the larger wavelength is approximately 610 nm. 

(c) From Fig. 33-2 the wavelength at which the eye is most sensitive is about 555 nm. 

(d) Using the result in (c), we have 

/= c = 3.00xlOWs =541xlo , 4Hz 
X 555 nm 

(e) The period is T= l/f= (5.41 x IO 14 Hz) 1 = 1.85 x 10" 15 s. 


2. In air, light traveis at roughly c = 3.0 x 10 m/s. Therefore, for t = 1.0 ns, we have a 
distance of 

d = cí = (3.0xl0 8 m/s)(1.0xl0- 9 s) = 0.30 m. 


3. Since AX <sc X , we find Á/is equal to 


4. (a) The frequency of the radiation is 


c_ = 3.0xl0- m / s =47xlQ - 3Hz 
X (1.0xl0 5 )(6.4xl0 6 m) 


(b) The period of the radiation is 


T = — = — r = 212 s = 3min32 s. 

/ 4.7 x 10 Hz 


5. If/is the frequency and X is the wavelength of an electromagnetic wave, then/X, = c. 
The frequency is the same as the frequency of oscillation of the current in the LC circuit 

of the generator. That is, / = 1 / 2n-J LC , where C is the capacitance and L is the 

inductance. Thus 


X 

= c. 


2kJLC 


The solution for L is 


X 2 (550xl<r 9 m) 

L = —^ = ^ ' F = 5.00xl0- 21 H. 

4tt Cc 4^2(17 x 1(T 12 F)(2.998 x IO 8 m/ s) 


This is exceedingly small. 


6. The emitted wavelength is 


X = j = 2kc4lC = 2k ( 2.998 x IO 8 m/s) ^(0.253x IO" 6 h) (25.0x IO" 12 f) = 4.74m. 


7. If P is the power and Aí is the time interval of one pulse, then the energy in a pulse is 
E = PAt = (100 x IO 12 W)(l.O x IO 9 s) = 1.0 x IO 5 J. 


8. The amplitude of the magnetic field in the wave is 


B... = 


3.20xlCT 4 V/m 
2.998 x IO 8 m/s 


1.07 x 1CT 12 T. 


9. (a) The amplitude of the magnetic field is 


B = ^=- = - 


2.0V/m 


c 2.998xlO s m/s 


- = 6.67xlCTT«6.7xlCrT. 


(b) Since the is-wave oscillates in the z direction and traveis in the x direction, we have B x 
= B z = 0. So, the oscillation of the magnetic field is parallel to the y axis. 


(c) The direction (+x) of the electromagnetic wave propagation is determined by ExB . If 
the electric field points in +z, then the magnetic field must point in the -y direction. 


With SI units understood, we may write 


B , = B cos 


TTXlO' 5 

= (6.7 x IO" 9 ) cos 


f A 
t — 

V cj 


2.0cos[10 15 tt(í-^;/c)] 


3.0xl0 s 


IO 15 7t 


V cj 


10. (a) The amplitude of the magnetic field in the wave is 

snov/m =161xW -, T 

m c 2.998 x 10 m/s 
(b) The intensity is the average of the Poynting vector: 

E 2 (5.00 V/m) 2 

l = S^=-^ = -, ^ rr 1 8 r = 3.31xlO- 2 W/m 2 . 

avg 2ju 0 c 2(47rxl0" 7 T-m/A)(2.998xl0 8 m/s) 


1 1 . The intensity is the average of the Poynting vector: 

cB 2 (3.0xl0 8 m/s)(l.0xl<r 4 T) 2 

/ = 5 av =^ = - ^ = 1.2xl0 6 W/m 2 . 

2 Mo 2(1.26 x IO" 6 H/m) 


12. The intensity of the signal at Próxima Centauri is 


13. (a) The magnetic field amplitude of the wave is 


E^__ 2.0V/ m =67xlQ -, T 
c 2.998 x IO 8 m/s 


(b) The intensity is 


E 2 (2.0 V/m) 2 , , 

l - = \ L = 5 3 x 10 W / m 

2ju 0 c 2(47ixl0" 7 T-m/A)(2.998xl0 8 m/s) 


(c) The power of the source is 

p = 4nr 2 I ãVg = 47t(l0m) 2 (5.3 x IO" 3 W/m 2 ) = 6.7 W. 


14. (a) The power received is 


P =(l.0xl0-' 2 w) ^ (3Q0 m)2/4 2 =1.4xlO- 22 W. 
47r(6.37xl0 6 m) 


(b) The power of the source would be 

p = 4nr 2 I = 4tt[(2.2 x IO 4 ly)(946 x IO 15 ml ly)]' 


1.0x10 12 W 
4tt(6.37 x IO 6 m) 2 


15. (a) We use / = E 2 m 12/jqc to calculate E m \ 

E m = JljuJ c = ^2(4tt x IO" 7 T • ml A)(l.40 x IO 3 W / m 2 )(2.998 x IO 8 ml s) 
= 1.03xl0 3 V/m. 

(b) The magnetic field amplitude is therefore 


16. (a) The expression E y = E m s'm(kx - coí) it fits the requirement "at point P ... [it] is 
decreasing with time" if we imagine P is just to the right (x > 0) of the coordinate origin 
(but at a value of x less than n/2k = X/4 which is where there would be a maximum, at t = 
0). It is important to bear in mind, in this description, that the wave is moving to the right. 
Specifically, x p = (l/&)sin _1 (l/4) so that E y = (1/4) E m at t = 0, there. Also, E y = 0 
with our choice of expression for E y . Therefore, part (a) is answered simply by solving 
for x P . Since k = Infle we find 


C . _! 

x p =- — -sin 


iTCf 


= 30.1 nm. 


(b) If we proceed to the right on the x axis (still studying this "snapshot" of the wave at t 
= 0) we find another point where E y = 0 at a distance of one-half wavelength from the 

previous point where E y = 0. Thus (since X = c/f) the next point is at x = \% = |c//and is 
consequently a distance c/2/ - xp = 345 nm to the right of P. 


17. (a) The average rate of energy flow per unit area, or intensity, is related to the electric 
field amplitude E m by / = E 2 m 1 2ju 0 c , so 

E m = ^2ju 0 cl = p(4n x IO" 7 H / m) (2.998 x IO 8 ml s) (10 x 1CT 6 W / m 2 ) 
= 8.7xl0" 2 V/m. 

(b) The amplitude of the magnetic field is given by 

E^ = 8.7x10-: V/m =z9xl0 -, T , 
c 2.998 x 10 8 m/s 

(c) At a distance r from the transmitter, the intensity is I = P/2nr 2 , where P is the power 
of the transmitter over the hemisphere having a surface area 2;rr 2 . Thus 


p = 2nr 2 I = 2n (lOx IO 3 m) (lOx IO" 6 W/m 2 ) = 6.3x IO 3 W. 


18. From the equation immediately preceding Eq. 33-12, we see that the maximum value 
of ôB/ôt is U)B m . We can relate B m to the intensity: 


5„ 


E 

m 

c 


and relate the intensity to the power P (and distance r) using Eq. 33-27. Finally, we 
relate co to wavelength X using co = kc = 2nc/X. Putting ali this together, we obtain 


ÍÕB} 
yÕtj 


\2ju 0 P 2nc 
47rc Àr 


= 3.44 x IO 6 T/s. 


19. Since the surface is perfectly absorbing, the radiation pressure is given by p r = Ilc, 
where / is the intensity. Since the bulb radiates uniformly in ali directions, the intensity a 
distance r from it is given by / = P/4nr 2 , where P is the power of the bulb. Thus 


20. The radiation pressure is 


Pr=- = 


10W/m 2 


c 2.998 x 10 m/s 


= 3.3xl0~ 8 Pa. 


21. The plasma completely reflects ali the energy incident on it, so the radiation pressure 
is given by p r = 211c, where / is the intensity. The intensity is / = PIA, where P is the 
power and A is the area intercepted by the radiation. Thus 


22. (a) The radiation pressure produces a force equal to 


, oX s 7r(l.4xl0 3 W/m 2 ) (6.37xl0 6 m) 

r rV L ' [c) y e > 2.998xl0 8 m/s 


6.0xl0 8 N. 


(b) The gravitational pull of the Sun on Earth is 

GM s M e (6.67xKr n N-m 2 /kg 2 ) (2.0xl0 30 kg) (5.98xl0 24 kg) 


F = 

* grav j2 


= 3.6xl0 22 N, 


(l.5xlO n m) 


which is much greater than F r . 


23. Let / be the fraction of the incident beam intensity that is reflected. The fraction 
absorbed is 1 -/. The reflected portion exerts a radiation pressure of 

c 

and the absorbed portion exerts a radiation pressure of 

c 

where I 0 is the incident intensity. The factor 2 enters the first expression because the 
momentum of the reflected portion is reversed. The total radiation pressure is the sum of 
the two contributions: 

„ .„ | „ _ 2 //» + (!-/)/» _ (! + /)/» 

v totai ~~ y r y a ~ ~ 

c c 

To relate the intensity and energy density, we consider a tube with length l and cross- 
sectional area A, lying with its axis along the propagation direction of an electromagnetic 
wave. The electromagnetic energy inside is U = uAl, where u is the energy density. AU 
this energy passes through the end in time t = II c, so the intensity is 

T U uAlc 

I = — = = uc. 

At Ai 

Thus u = Ilc. The intensity and energy density are positive, regardless of the propagation 
direction. For the partially reflected and partially absorbed wave, the intensity just outside 
the surface is 

/ = /o +// 0 = (1 +/)/o, 

where the first term is associated with the incident beam and the second is associated with 
the reflected beam. Consequently, the energy density is 

/ _ (! + /)/„ 
c c 

the same as radiation pressure. 


24. (a) We note that the cross section area of the beam is nd IA, where d is the diameter 
of the spot (d = 2.00A.). The beam intensity is 


1 = 


5.00 x 10 W 


nd 2 /4 


7t[(2.00)( 


63J-. m)] I A 


= 3.97xl0 9 W/m 2 


(b) The radiation pressure is 


/ 3.97 x 10 9 W/m 2 170D 

p r = — = õ = 13.2 Pa. 

c 2.998 x 10 8 m/s 


(c) In computing the corresponding force, we can use the power and intensity to eliminate 
the area (mentioned in part (a)). We obtain 


F = 


^ nd 2 


V 4 j 


Pr 


(5.00 x IO" 3 W) (13.2 Pa) 
Pr ~ ~ ^r-, 77^rrrr~, — ^ 


3.97xlO y W/m z 


.67 x 10" 11 N. 


(d) The acceleration of the sphere is 


6(1.67x10"" N) 


m p(nd>/6) ti(5.00 x W kg/m J )[(2.00)(633x 10" y m)] J 


= 3.14 x IO 3 m/s 2 . 


25. (a) Since c = Xf, where X is the wavelength and/is the frequency of the wave, 


c = 2.998 x 10' m/, tf 
A, 3.0 m 


(b) The angular frequency is 

a = 2nf =2tt(1.0x10 8 Hz) = 6.3x10 8 rad/s. 

(c) The angular wave number is 

, 2n 2k . 

k = — = = 2.1 rad / m. 

X 3.0 m 


(d) The magnetic field amplitude is 

300V/m =L0xl0 -. T . 
c 2.998 x 10 8 m/s 

(e) B must be in the positive z direction when E is in the positive y direction in order for 
E x B to be in the positive x direction (the direction of propagation). 

(f) The intensity of the wave is 

?= _^ = (300VA..)' = ii 9W /m'.1.2xlO-W/m'. 

2ju 0 c 2(4^xl0" 7 H/m)(2.998xl0 8 m/s) 

(g) Since the sheet is perfectly absorbing, the rate per unit area with which momentum is 
delivered to it is I/c, so 

dp IA (119 W/m 2 )(2.0 m 2 ) on 1A _ 7 


dt c 2.998 x 10 8 m/s 
(h) The radiation pressure is 


= 8.0x10 N. 


dpldt 8.0xl0 7 N An in _ v 

p r = — = : — = 4.0 x 10 Pa. 

A 2.0 m 2 


26. We require F grav = F r or 

mM, 21 A 

Cr 

and solve for the area A: 


dl 


_ cGmM s _ (6.67x10 " N-m 2 /kg 2 )(1500 kg)(1.99x IO 30 kg)(2.998 x 10 8 m/s) 

2Id 2 es 2(1.40 x 10 3 W/m 2 )(1.50xl0 n m) 2 

= 9.5xl0 5 m 2 =0.95km 2 . 


27. If the beam carries energy U away from the spaceship, then it also carries momentum 
p = U/c away. Since the total momentum of the spaceship and light is conserved, this is 
the magnitude of the momentum acquired by the spaceship. If P is the power of the laser, 
then the energy carried away in time t is U = Pt. We note that there are 86400 seconds in 
a day. Thus, p = Pt/c and, if m is mass of the spaceship, its speed is 

y= p = ft = (IQxltf WX86400S) ^ 
m mc (1.5xl0 3 kg)(2.998xl0 8 m/s) 


28. The mass of the cylinder is m = p(nD 2 1 4)H , where D is the diameter of the cylinder. 
Since it is in equilibrium 


kHD g p 


7rD 


v 4 j 


= 0. 


\c ) 


We solve for H: 


H = 


21 

gcp 


2P 


v ttD 2 /4 


gcp 


2(4.60 W) 


[7r(2.60xl0^m) 2 /4](9.8m/s 2 )(3.0xl0 8 m/s)(1.20xl0 3 kg/m 3 ) 
= 4.91xl(r 7 m. 


29. (a) The upward force supplied by radiation pressure in this case (Eq. 33-32) must be 
equal to the magnitude of the pull of gravity (mg). For a sphere, the "projected" area 
(which is a factor in Eq. 33-32) is that of a circle A = nr 2 (not the entire surface area of 
the sphere) and the volume (needed because the mass is given by the density multiplied 
by the volume: m = pV) is V = 47rr 3 / 3 . Finally, the intensity is related to the power P of 
the light source and another area factor AnR , given by Eq. 33-27. In this way, with 
p = 1 .9 x IO 4 kg/m 3 , equating the forces leads to 


4xr 3 g | 1 


P = AkR 2 c p 


3 )nr 


T = 4.68xlO n W. 


V 


(b) Any chance disturbance could move the sphere from being directly above the source, 
and then the two force vectors would no longer be along the same axis. 


30. Eq. 33-27 suggests that the slope in an intensity versus inverse-square-distance graph 
(/ plotted versus r ) is Pl<\n. We estimate the slope to be about 20 (in SI units) which 
means the power is P = 47t(30) « 2.5 xlO 2 W. 


31. We shall assume that the Sun is far enough from the particle to act as an isotropic 
point source of light. 

(a) The forces that act on the dust particle are the radially outward radiation force F r and 
the radially inward (toward the Sun) gravitational force F g . Using Eqs. 33-32 and 33-27, 
the radiation force can be written as 

c Anr 2 c 4r 2 c 

where R is the radius of the particle, and A = nR 2 is the cross-sectional area. On the other 
hand, the gravitational force on the particle is given by Newton' s law of gravitation (Eq. 
13-1): 

_ GM s m _ GM s p(4xR 3 13) _ AnGM s pR 3 

~2 " ^2 • 

where m = p(47rR 3 /3) is the mass of the particle. When the two forces balance, the 
particle traveis in a straight path. The condition that F r = F implies 


P S R 2 _ 4xGM s pR 3 
4r 2 c 3r 2 

which can be solved to give 

_ 3P S 3(3.9 x IO 26 W) 

~ l67rcpGM s ~ 16^-(3xl0 8 m/s)(3.5xl0 3 kg/m^íó.óVxlO" 11 m 3 /kg-s 2 )(1.99xl0 30 kg) 
= 1.7xl0 -7 m. 

(b) Since F g varies with R 3 andF r varies with R 2 , if the radius R is larger, then F > F r , 
and the path will be curved toward the Sun (like path 3). 


32. In this case, we replace Io cos 2 70° by \I Q as the intensity of the light after passing 
through the first polarizer. Therefore, 

l f = 1 1 0 cos 2 (90°-70° ) = | (43 W / m 2 )(cos 2 20° ) = 19 W / m 2 . 


33. The angle between the direction of polarization of the light incident on the first 
polarizing sheet and the polarizing direction of that sheet is 0\ = 10°. If Io is the intensity 
of the incident light, then the intensity of the light transmitted through the first sheet is 

I, = I Q cos 2 0 1 = (43 W / m 2 ) cos 2 70° = 5.03 W / m 2 . 

The direction of polarization of the transmitted light makes an angle of 70° with the 
vertical and an angle of 0i — 20° with the horizontal, (h is the angle it makes with the 
polarizing direction of the second polarizing sheet. Consequently, the transmitted 
intensity is 

I 2 = /j cos 2 6 2 = (5.03 W / m 2 ) cos 2 20° = 4.4 W / m 2 . 


34. After passing through the first polarizer the initial intensity 7 0 reduces by a factor of 
1/2. After passing through the second one it is further reduced by a factor of cos (n - 
0i-02) = cos 2 (0\ + 02). Finally, after passing through the third one it is again reduced by 
a factor of cos (n-02-0i) = cos 2 (02+ 03). Therefore, 

ít- = - cos 2 (0 X + 0 2 ) cos 2 (0 2 + 0 3 ) = - cos 2 (50° + 50°) cos 2 (50° + 50°) 
7 0 2 2 

= 4.5xl0" 4 . 

Thus, 0.045% of the lighfs initial intensity is transmitted. 


35. Let Io be the intensity of the unpolarized light that is incident on the first polarizing 
sheet. The transmitted intensity is 7 t = \ 7 0 , and the direction of polarization of the 

transmitted light is 0\ = 40° counterclockwise from the y axis in the diagram. The 
polarizing direction of the second sheet is (h = 20° clockwise from the y axis, so the angle 
between the direction of polarization that is incident on that sheet and the polarizing 
direction of the sheet is 40° + 20° = 60°. The transmitted intensity is 


and the direction of polarization of the transmitted light is 20° clockwise from the y axis. 
The polarizing direction of the third sheet is é% = 40° counterclockwise from the y axis. 
Consequently, the angle between the direction of polarization of the light incident on that 
sheet and the polarizing direction of the sheet is 20° + 40° = 60°. The transmitted 
intensity is 


L = 7, cos 2 60° = - 
2 1 2 


7 0 cos 2 60°, 


7 3 = / 2 cos 2 60°= - 


7 n cos 4 60°=3.1xl(T 2 . 


Thus, 3.1% of the light' s initial intensity is transmitted. 


36. We examine the point where the graph reaches zero: 6 2 = 160°. Since the polarizers 
must be "crossed" for the intensity to vanish, then 0\ = 160° - 90° = 70°. Now we 
consider the case 6 2 = 90° (which is hard to judge from the graph). Since 9i is still equal 
to 70°, then the angle between the polarizers is now A0 =20°. Accounting for the 
"automatic" reduction (by a factor of one-half) whenever unpolarized light passes 
through any polarizing sheet, then our result is 


|cos 2 (A#) = 0.442 «44%. 


37. (a) Since the incident light is unpolarized, half the intensity is transmitted and half is 
absorbed. Thus the transmitted intensity is / = 5.0 mW/m . The intensity and the electric 
field amplitude are related by / = E 2 m 1 2ju 0 c, so 

E m = pMorf = V2(4ttx10 7 H/m)(3.00xl0 8 m/s)(5.0xl0" 3 W/m 2 ) 
= 1.9 V/m. 


(b) The radiation pressure is p r = IJc, where I a is the absorbed intensity. Thus 


38. (a) The fraction of light which is transmitted by the glasses is 

ÍL = t l = E * = = 0 .16. 

I 0 El El+El E*+(23E v ) 2 

(b) Since now the horizontal component of E will pass through the glasses, 

I f E 2 h (2.3E) 2 


/ 0 El+E 2 h El+(23E V ) 2 


= 0.84. 


39. As the polarized beam of intensity I 0 passes the first polarizer, its intensity is reduced 
to /„ cos 2 0. After passing through the second polarizer which makes a 90° angle with the 
first filter, the intensity is 

/ = (/ 0 cos 2 #)sin 2 # = / 0 /10 


which implies sin 2 6>cos 2 0 = 1/10, or sin6>cos6> = sin26>/2 =l/JÍÕ. This leads to 0 = 70° 
or 20°. 


40. We note the points at which the curve is zero (&i = 0 o and 90°) in Fig. 33-45(b). We 
infer that sheet 2 is perpendicular to one of the other sheets at Oi = 0°, and that it is 
perpendicular to the other of the other sheets when 6 2 = 90°. Without loss of generality, 
we choose G\ = 0 o , <% = 90°. Now, when 02 = 30°, it will be A6>= 30° relative to sheet 1 
and A0'= 60° relative to sheet 3. Therefore, 

^- = -cos 2 (A#) cos 2 (A#') = 9.4% . 
I. 2 


41. Let Io be the intensity of the incident beam and/be the fraction that is polarized. Thus, 
the intensity of the polarized portion is fio. After transmission, this portion contributes 
fio cos 6 to the intensity of the transmitted beam. Here 6 is the angle between the 
direction of polarization of the radiation and the polarizing direction of the filter. The 
intensity of the unpolarized portion of the incident beam is (l-/)/o and after transmission, 
this portion contributes (1 - f)k)l2 to the transmitted intensity. Consequently, the 
transmitted intensity is 

/ = // 0 cos 2 é? + i(l-/)/ 0 . 

As the filter is rotated, cos Avaries from a minimum of 0 to a maximum of 1, so the 
transmitted intensity varies from a minimum of 

to a maximum of 

I^=fh + \(\-f)h = \(l + f)h- 

The ratio of 7 max to 7 m i n is 

Anin 1-/' 


Setting the ratio equal to 5.0 and solving for/, we get/= 0.67. 


42. We apply Eq. 33-40 (once) and Eq. 33-42 (twice) to obtain 

7=|/ 0 cos 2 # 2 cos 2 (90°-# 2 ). 


/ 1 , 

Using trig identities, we rewrite this as — = — sin (26*2) . 

I 0 8 


(a) Therefore we find &i = \ sin" 1 -JÕÃÕ = 19.6° 


(b) Since the first expression we wrote is symmetric under the exchange: 62 <-» 90° - 02, 
then we see that the angle's complement, 70.4°, is also a solution. 


43. (a) The rotation cannot be done with a single sheet. If a sheet is placed with its 
polarizing direction at an angle of 90° to the direction of polarization of the incident 
radiation, no radiation is transmitted. It can be done with two sheets. We place the first 
sheet with its polarizing direction at some angle 6, between 0 and 90°, to the direction of 
polarization of the incident radiation. Place the second sheet with its polarizing direction 
at 90° to the polarization direction of the incident radiation. The transmitted radiation is 
then polarized at 90° to the incident polarization direction. The intensity is 

/ = 7 0 cos 2 6 cos 2 (90° -&) = 7 0 cos 2 6 sin 2 6 , 

where 7 0 is the incident radiation. If 6*is not 0 or 90°, the transmitted intensity is not zero. 

(b) Consider n sheets, with the polarizing direction of the first sheet making an angle of 6 
= 90°/n relative to the direction of polarization of the incident radiation. The polarizing 
direction of each successive sheet is rotated 90°/n in the same sense from the polarizing 
direction of the previous sheet. The transmitted radiation is polarized, with its direction of 
polarization making an angle of 90° with the direction of polarization of the incident 
radiation. The intensity is 

7 = / 0 cos 2 "(90°/n). 

We want the smallest integer value of n for which this is greater than 0.607o. We start 
with n = 2 and calculate cos 2 " (90° I ri) . If the result is greater than 0.60, we have obtained 
the solution. If it is less, increase n by 1 and try again. We repeat this process, increasing 
n by 1 each time, until we have a value for which cos 2 "(90°/«) is greater than 0.60. The 
first one will be n = 5. 


44. We note the points at which the curve is zero (82 = 60° and 140°) in Fig. 33-45(b). 
We infer that sheet 2 is perpendicular to one of the other sheets at 02 = 60°, and that it is 
perpendicular to the other of the other sheets when 6 2 = 140°. Without loss of generality, 
we choose 0\ = 150°, = 50°. Now, when & = 90°, it will be \A0\ = 60° relative to 
sheet 1 and \A0'\ = 40° relative to sheet 3. Therefore, 


= -cos 2 (A#)cos 2 (A6>') = 7.3% 
12 


45. The law of refraction states 


n : sin 0 X = n 2 sin 0 2 . 

We take médium 1 to be the vacuum, with n\ = 1 and 6\ = 32.0°. Médium 2 is the glass, 
with &i = 21.0°. We solve for n 2 : 


n 2 = n x 


siné?! 
sin 6 1 . 


= (1.00) 


sin 32.0 


sin 2 1.0°; 


= 1.48. 


46. (a) For the angles of incidence and refraction to be equal, the graph in Fig. 33-48(b) 
would consist of a "y = x" line at 45° in the plot. Instead, the curve for material 1 falis 
under such a "y = x" line, which tells us that ali refraction angles are less than incident 
ones. With 6 2 < 6\ Snell's law implies n 2 >n x . 

(b) Using the same argument as in (a), the value of n 2 for material 2 is also greater than that 
of water («i). 

(c) It's easiest to examine the right end-point of each curve. With 6\ = 90° and 62 = 
3 / 4 (90°), and with m = 1.33 (Table 33-1) we find, from Snell's law, n 2 = 1.4 for material 1. 


(d) Similarly, with 6 X = 90° and 9 2 = 1 / 2 (90°), we obtain n 2 = 1.9. 


47. The angle of incidence for the light ray on mirror B is 90° - 0. So the outgoing ray r' 
makes an angle 90° - (90° - 6) = 6 with the vertical direction, and is antiparallel to the 
incoming one. The angle between i and r' is therefore 180°. 


48. (a) For the angles of incidence and refraction to be equal, the graph in Fig. 33-50(b) 
would consist of a "y = x" line at 45° in the plot. Instead, the curve for material 1 falis 
under such a "y = x" line, which tells us that ali refraction angles are less than incident 
ones. With 6 2 < 6\ Snell's law implies n 2 >n x . 

(b) Using the same argument as in (a), the value of n 2 íov material 2 is also greater than that 
of water («i). 

(c) It's easiest to examine the topmost point of each curve. With 62 = 90° and 0\ = ¥i(90°), 
and with n 2 = 1.33 (Table 33-1) we find n x = 1.9 from SnelFs law. 


(d) Similarly, with 6 2 = 90° and 6 X = 3 / 4 (90°), we obtain n x = 1.4. 


49. Note that the normal to the refracting surface is vertical in the diagram. The angle of 
refraction is &i = 90° and the angle of incidence is given by tan 0\ = L/D, where D is the 
height of the tank and L is its width. Thus 


6> = tan" 1 


f T \ 


= tan~ 


r 1.10 m ^ 
v 0.850 m y 


= 52.31' 


The law of refraction yields 


sin 6 2 

ÚYÍ0, 


= (1.00) 


sin 90° 
sin 52.31° 


= 1.26, 


where the index of refraction of air was taken to be unity. 


50. (a) A simple implication of Snell's law is that 02= 6\ when n x = n 2 . Since the angle of 
incidence is shown in Fig. 33-52(a) to be 30°, then we look for a point in Fig. 33-52(b) 
where 6 2 = 30°. This seems to occur when n 2 = 1.7. By inference, then, n x = 1.7. 


(b) From 1.7sin(60°) = 2.4sin(# 2 ) we get & = 38°. 


51. Consider a ray that grazes the top of the pole, as shown in the diagram that follows. 
Here Oy = 90° - 0= 35°, l x = 0.50 m, and £ 2 = 1.50 m. The length of the shadow is x + L. 
x is given by 

x = £ x tan e x = (0.50 m) tan 35° = 0.35 m. 



According to the law of refraction, n 2 sin 0 1 = n\ sin 6\. We take ti\ = 1 and n 2 = 1.33 
(from Table 33-1). Then, 


r sin^ A 


( sin 35.0°^ 

= sin 1 


l U 2 J 


V 1.33 J 


L is given by 

L = £ 2 tan 0 2 = (1.50 m) tan 25.55° = 0.72 m. 


The length of the shadow is 0.35 m + 0.72 m = 1.07 m. 


52. (a) Snell's law gives n air sin(50°) = n 2 b sin 6 2 b and n aír sin(50°) = n 2r sin 6^ r where we 
use subscripts b and r for the blue and red light rays. Using the common approximation 
for air's index (n a ; r = 1.0) we find the two angles of refraction to be 30.176° and 30.507°. 
Therefore, A#=0.33°. 

(b) Both of the refracted rays emerges from the other side with the same angle (50°) with 
which they were incident on the first side (generally speaking, light comes into a block at 
the same angle that it emerges with from the opposite parallel side). There is thus no 
difference (the difference is 0°) and thus there is no dispersion in this case. 


53. (a) Approximating n = 1 for air, we have 

n l sm0 1 = (l)sm0 5 => 56.9° = 6 5 

and with the more accurate value for n a ; r in Table 33-1, we obtain 56.8°. 
(b) Eq. 33-44 leads to 

n x sin 6 V = n 2 sin 6 2 = n 3 sin 0 3 = n 4 sin 0 4 


so that 


6 A = sin 


-^-sinfl, 

V"4 


= 35.3°. 


54. (a) From «isin^i = n 2 sm0 2 and n 2 sm$ 1 = n 3 ún0 3 , we find nisin^i = n 3 ún0 3 . This has 
a simple implication: that 0\ =0i when n x = n 3 . Since we are given 0\ = 40° in Fig. 33- 
56(a) then we look for a point in Fig. 33-56(b) where 0 3 = 40°. This seems to occur at n 3 
= 1.6, so we infer that ni = 1.6. 

(b) Our first step in our solution to part (a) shows that information concerning n 2 
disappears (cancels) in the manipulation. Thus, we cannot tell; we need more 
information. 


(c) From 1.6sin70° = 2.4sin# 3 we obtain 0 3 = 39°. 


55. We label the light ray's point of entry A, the vertex of the prism B, and the light ray's 
exit point C. Also, the point in Fig. 33-57 where y/is defined (at the point of intersection 
of the extrapolations of the incident and emergent rays) is denoted D. The angle indicated 
by ADC is the supplement of y/, so we denote it y/ s = 180° - yr. The angle of refraction in 
the glass is 6 2 =^úr\6. The angles between the interior ray and the nearby surfaces is the 

complement of 0i, so we denote it 6i c = 90° - (h. Now, the angles in the triangle ABC 
mustaddto 180°: 


which simplifies to 6 = 6 2 +\y/. Combining this with our previous result, we find 


\W°=26 2c +<p^>6 2 =?-. 


Also, the angles in the triangle ADC must add to 180°: 


180° = 2(#-# 2 ) + ^ s ^0 = 9O° + 0 2 — ys s 



n = 


sin(6>) _ sin(i(^+^)) 


sin(6' 2 ) sin(^) 


56. (a) We use subscripts b and r for the blue and red light rays. SnelFs law gives 


for the refraction angles at the first surface (where the normal axis is vertical). These rays 
strike the second surface (where A is) at complementary angles to those just calculated 
(since the normal axis is horizontal for the second surface). Taking this into 
consideration, we again use Snell's law to calculate the second refractions (with which 
the light re-enters the air): 


which differ by 3.1° (thus giving a rainbow of angular width 3.1°). 

(b) Both of the refracted rays emerges from the bottom side with the same angle (70°) 
with which they were incident on the topside (the occurrence of an intermediate reflection 
[from side 2] does not alter this overall fact: light comes into the block at the same angle 
that it emerges with from the opposite parallel side). There is thus no difference (the 
difference is 0°) and thus there is no rainbow in this case. 



0í b = sin _1 [1.343sin(90°- 0»)] = 73.636° 
0ir= sin" 1 [1.331 sin(90°- & r )] = 70.497° 


57. Reference to Fig. 33-24 may help in the visualization of why there appears to be a 
"circle of light" (consider revolving that picture about a vertical axis). The depth and the 
radius of that circle (which is from point a to point / in that figure) is related to the 
tangent of the angle of incidence. Thus, the diameter D of the circle in question is 


D = 2/ztan6> „ = 2/ztan 



< P 


sin 1 







= 2(80.0 cm) tan 


sin 


1.33. 


= 182 cm. 


58. The criticai angle is 6 C = sin 




( n 


= sin 1 






59. (a) We note that the complement of the angle of refraction (in material 2) is the 
criticai angle. Thus, 


n x ún0 = n 2 cos0 c =n 2 


\ U 2J 


-4 


n 2 -n 3 


leads to 6= 26.8°. 


(b) Increasing 0 leads to a decrease of the angle with which the light strikes the interface 
between materiais 2 and 3, so it becomes greater than the criticai angle; therefore, there 
will be some transmission of light into material 3. 


60. (a) Reference to Fig. 33-24 may help in the visualization of why there appears to be a 
"circle of light" (consider revolving that picture about a vertical axis). The depth and the 
radius of that circle (which is from point a to point / in that figure) is related to the 
tangent of the angle of incidence. The diameter of the circle in question is given by d = 
2h tan 0 C . For water n = 1.33, so Eq. 33-47 gives sin 0 C = 1/1.33, or 0 C = 48.75°. Thus, 

d = 2h tan 0 c = 2(2.00 m)(tan 48.75°) = 4.56 m. 
(b) The diameter d of the circle will increase if the fish descends (increasing h). 


61. (a) In the notation of this problem, Eq. 33-47 becomes 


0 í . = sin 1 ^ 

n 2 

which yields n 3 = 1.39 for 0 C = (/> = 60°. 

(b) Applying Eq. 33-44 law to the interface between material 1 and material 2, we have 

n 2 sin 30° = n x sin 0 

which yields 0=28.1°. 

(c) Decreasing 0 will increase 0 and thus cause the ray to strike the interface (between 
materiais 2 and 3) at an angle larger than 0 C . Therefore, no transmission of light into 
material 3 can occur. 


62. (a) The condition (in Eq. 33-44) required in the criticai angle calculation is é% = 90°. 
Thus (with &i = 6 C , which we don't compute here), 


leads to 0\ = 0= sin 1 njJm = 54.3°. 

(b) Yes. Reducing 6 leads to a reduction of (h so that it becomes less than the criticai 
angle; therefore, there will be some transmission of light into material 3. 

(c) We note that the complement of the angle of refraction (in material 2) is the criticai 
angle. Thus, 


n, sin 6 l = n 2 sin 6 2 = n 3 sin 6 



leads to 0=51.1°. 


(d) No. Reducing 6 leads to an increase of the angle with which the light strikes the 
interface between materiais 2 and 3, so it becomes greater than the criticai angle. 
Therefore, there will be no transmission of light into material 3. 


63. When examining Fig. 33-62, it is important to note that the angle (measured from the 
central axis) for the light ray in air, 6, is not the angle for the ray in the glass core, which 
we denote 6 ' . The law of refraction leads to 


sin ff = — sin 0 


assuming n air = 1. The angle of incidence for the light ray striking the coating is the 
complement of 6 ', which we denote as #' CO mp and recall that 


sin< 


ff comp =cosff = Jl^ff 


In the criticai case, ff comp must equal 6 C specified by Eq. 33-47. Therefore, 


- = sin^ omp =Vl-sin 2 é?' = 


-siné? 


which leads to the result: siné? = «Jnf -n\ . With n\ = 1.58 and ri2 = 1.53, we obtain 


6>=sin" 1 (l.58 2 -1.53 2 ) = 23.2°. 


64. (a) We note that the upper-right corner is at an angle (measured from the point where 
the light enters, and measured relative to a normal axis established at that point [the 
normal at that point would be horizontal in Fig. 33-63) is at tan _1 (2/3) = 33.7°. The angle 
of refraction is given by 

Hak sin 40° = 1.56 sin 6 2 

which yields (h = 24.33° if we use the common approximation n a j r = 1.0, and yields 0 2 = 
24.34° if we use the more accurate value for n air found in Table 33-1. The value is less 
than 33.7° which means that the light goes to side 3. 

(b) The ray strikes a point on side 3 which is 0.643 cm below that upper-right corner, and 
then (using the fact that the angle is symmetrical upon reflection) strikes the top surface 
(side 2) at a point 1.42 cm to the left of that corner. Since 1.42 cm is certainly less than 3 
cm we have a self-consistency check to the effect that the ray does indeed strike side 2 as 
its second reflection (if we had gotten 3.42 cm instead of 1.42 cm, then the situation 
would be quite different). 

(c) The normal axes for sides 1 and 3 are both horizontal, so the angle of incidence (in the 
plastic) at side 3 is the same as the angle of refraction was at side 1 . Thus, 

1 .56 sin 24.3° = n air sin 6> air => 6L = 40° . 

(d) It strikes the top surface (side 2) at an angle (measured from the normal axis there, 
which in this case would be a vertical axis) of 90° -62 = 66° which is much greater than 
the criticai angle for total internai reflection (sin _1 (n a i r /1.56 ) = 39.9°). Therefore, no 
refraction occurs when the light strikes side 2. 

(e) In this case, we have 

H a ir sin 70° = 1.56 sin 9 2 

which yields 82 = 37.04° if we use the common approximation n a j r = 1.0, and yields 6 2 = 
37.05° if we use the more accurate value for n air found in Table 33-1. This is greater than 
the 33.7° mentioned above (regarding the upper-right corner), so the ray strikes side 2 
instead of side 3. 

(f) After bouncing from side 2 (at a point fairly close to that corner) to goes to side 3. 

(g) When it bounced from side 2, its angle of incidence (because the normal axis for side 
2 is orthogonal to that for side 1) is 90° - 02 = 53° which is much greater than the criticai 
angle for total internai reflection (which, again, is sin" (nai r /1.56 ) = 39.9°). Therefore, no 
refraction occurs when the light strikes side 2. 

(h) For the same reasons implicit in the calculation of part (c), the refracted ray emerges 
from side 3 with the same angle (70°) that it entered side 1 at (we see that the occurrence 
of an intermediate reflection [from side 2] does not alter this overall fact: light comes into 
the block at the same angle that it emerges with from the opposite parallel side. 


65. (a) No refraction occurs at the surface ab, so the angle of incidence at surface ac is 
90° - <j>. For total internai reflection at the second surface, n g sin (90° - <f>) must be greater 
than n a . Here n g is the index of refraction for the glass and n a is the index of refraction for 
air. Since sin (90° - <fi) = cos 0, we want the largest value of <f> for which n g cos <j> > n a . 
Recall that cos 0 decreases as </> increases from zero. When </> has the largest value for 
which total internai reflection occurs, then n g cos <j) = n a , or 


( \ 


( 1 > 


= cos 1 






The index of refraction for air is taken to be unity. 


(b) We now replace the air with water. If n w = 1.33 is the index of refraction for water, 
then the largest value of tj> for which total internai reflection occurs is 




^ 1.33^) 


= cos 1 


l n g ) 


yl52) 


66. (a) We refer to the entry point for the original incident ray as point A (which we take 
to be on the left side of the prism, as in Fig. 33-57), the prism vertex as point B, and the 
point where the interior ray strikes the right surface of the prism as point C. The angle 
between line AB and the interior ray is /? (the complement of the angle of refraction at the 
first surface), and the angle between the line BC and the interior ray is a (the complement 
of its angle of incidence when it strikes the second surface). When the incident ray is at 
the minimum angle for which light is able to exit the prism, the light exits along the 
second face. That is, the angle of refraction at the second face is 90°, and the angle of 
incidence there for the interior ray is the criticai angle for total internai reflection. Let 0\ 
be the angle of incidence for the original incident ray and &i be the angle of refraction at 
the first face, and let é% be the angle of incidence at the second face. The law of refraction, 
applied to point C, yields n sin é% = 1, so 


The interior angles of the triangle ABC must sum to 180°, so a + /? = 120°. Now, a = 
9O°-0i = 51.32°, so /?= 120° - 51.32° = 69.68°. Thus, & = 90° - /?= 21.32°. The law of 
refraction, applied to point A, yields 


Thus 6\ = 35.6°. 

(b) We apply the law of refraction to point C. Since the angle of refraction there is the 
same as the angle of incidence at A, n sin é% = sin 0\. Now, a + f3= 120°, a = 90° - é%, 
and (5 = 90° - (h, as before. This means &i + (h = 60°. Thus, the law of refraction leads to 


sin 03= l/n = 1/1.60 = 0.625 = 38.68°. 


sin 6>i = n sin & = 1.60 sin 21.32° = 0.5817. 


siné^ = n sin (60 o - ^ ) => siné^ = nsin60°cos# 2 -ncos60°sin# 2 


where the trigonometric identity 


sin(A -B) = sin A cos B - cos A sin B 


is used. Next, we apply the law of refraction to point A: 


sin 6 { = n sin 0 2 => sin^ =(l/n)sin6' 1 




or 


(1 + cos 60°) sin 0 X = sin 60° ^n 2 - sin 2 ~Õ X 

Squaring both sides and solving for sin 0\, we obtain 

. „ n sin 60° 1.60 sin 60° 

sin ff l = 


^(1 + cos 60 o ) 2 + sin 2 60° ^/(1 + cos 60 o ) 2 + sin 2 60 c 
and 6>i = 53.1°. 


67. (a) A ray diagram is shown below. 



Let 0\ be the angle of incidence and 6 2 be the angle of refraction at the first surface. Let 
é% be the angle of incidence at the second surface. The angle of refraction there is 6\ = 
90°. The law of refraction, applied to the second surface, yields n sin 0$ = sin 0a= 1. As 
shown in the diagram, the normais to the surfaces at P and Q are perpendicular to each 
other. The interior angles of the triangle formed by the ray and the two normais must sum 
to 180°, so tf? = 90° - & and 


sin 6> 3 = sin(90°-# 2 ) = cos# 2 = ^1-sin 2 0 2 


According to the law of refraction, applied at Q, n^/l-sin 2 0 2 = 1. The law of refraction, 
applied to point P, yields sin 0\ = n sin &i, so sin &i = (sin 6\)ln and 


V n 

Squaring both sides and solving for n, we get 

n = ^/l + sin 2 0 X . 

(b) The greatest possible value of sin 6\ is 1, so the greatest possible value of n is 
n =V2 = 1.41. 


(c) For a given value of n, if the angle of incidence at the first surface is greater than 6\, 
the angle of refraction there is greater than 0i and the angle of incidence at the second 
face is less than é% (= 90° - That is, it is less than the criticai angle for total internai 
reflection, so light leaves the second surface and emerges into the air. 


(d) If the angle of incidence at the first surface is less than 0\, the angle of refraction there 
is less than 62 and the angle of incidence at the second surface is greater than é%. This is 
greater than the criticai angle for total internai reflection, so ali the light is reflected at Q. 


68. (a) We use Eq. 33-49: 0 B = tan\ = tan -1 (1.33) = 53.1°. 
(b) Yes, since n w depends on the wavelength of the light. 


69. The angle of incidence 6b for which reflected light is fully polarized is given by Eq. 
33-48 of the text. If n\ is the index of refraction for the médium of incidence and n 2 is the 
index of refraction for the second médium, then 


6 B = tan 1 (n 2 1 n { ) = tan -1 (1 .53 / 1 .33) = 49.0°. 


70. Since the layers are parallel, the angle of refraction regarding the first surface is the 
same as the angle of incidence regarding the second surface (as is suggested by the 
notation in Fig. 33-66). We recall that as part of the derivation of Eq. 33-49 (Brewster's 
angle), the refracted angle is the complement of the incident angle: 

^=(^=90°-^. 
We apply Eq. 33-49 to both refractions, setting up a product: 


í \ 


( \ 


\ n 2j 


= (tan# B1 ^ 2 )(tan # B2 ^ 3 ) 


= (tan ^)(tan 6 2 ). 


Now, since 62 is the complement of 6\ we have 


tan# 2 = tan(6 , ,) c = 


tané 1 , 


Therefore, the product of tangents cancel and we obtain n^ln\ = 1. Consequently, the third 
médium is air: n 3 = 1.0. 


71. (a) The first contribution to the overall deviation is at the first refraction: 
S0 1 = 0 i - Q r . The next contribution to the overall deviation is the reflection. Noting that 
the angle between the ray right before reflection and the axis normal to the back surface 
of the sphere is equal to 6 r , and recalling the law of reflection, we conclude that the angle 
by which the ray turns (comparing the direction of propagation before and after the 
reflection) is õ6 2 = 180°-2é? r . The final contribution is the refraction suffered by the ray 
upon leaving the sphere: S0 3 = 6 i - 0 r again. Therefore, 

#dev = 80\ + se 2 +se 3 =i 80° + ie i - 46 r . 

(b) We substitute 6 r = shT 1 (^sin# ( ) into the expression derived in part (a), using the two 
given values for n. The higher curve is for the blue light. 



(c) We can expand the graph and try to estimate the minimum, or search for it with a 
more sophisticated numerical procedure. We find that the #dev minimum for red light is 
137.63° * 137.6°, and this occurs at % = 59.52°. 

(d) For blue light, we find that the é? dev minimum is 139.35° « 139.4°, and this occurs at # 
= 59.52°. 


(e) The difference in é? dev in the previous two parts is 1.72°. 


72. (a) The first contribution to the overall deviation is at the first refraction: 
80 x = 6 i -0 r . The next contribution(s) to the overall deviation is (are) the reflection(s). 
Noting that the angle between the ray right before reflection and the axis normal to the 
back surface of the sphere is equal to 6 r , and recalling the law of reflection, we conclude 
that the angle by which the ray turns (comparing the direction of propagation before and 
after [each] reflection) is 80 \ = 180° - 26 \. Thus, for k reflections, we have 86 2 = kd r to 
account for these contributions. The final contribution is the refraction suffered by the ray 
upon leaving the sphere: 86 3 = 6 i - 0 r again. Therefore, 

# dey = S0 1 + 86 2 + 86, = 2{6 i -6 r ) + k(\W°- 26 \ ) = k(l 80°) + 26»,. - 2(k + l)6 r . 

(b) For k = 2 and n = 1.331 (given in Problem 33-71), we search for the second-order 
rainbow angle numerically. We find that the #dev minimum for red light is 230.37° 
« 230.4° , and this occurs at $ = 71.90°. 

(c) Similarly, we find that the second-order # dev minimum for blue light (for which n = 
1.343) is 233.48° * 233.5° , and this occurs at 6 t = 71.52°. 

(d) The difference in é?dev in the previous two parts is approximately 3.1°. 

(e) Setting k = 3, we search for the third-order rainbow angle numerically. We find that 
the 6áev minimum for red light is 317.5°, and this occurs at # = 76.88°. 

(f) Similarly, we find that the third-order #dev minimum for blue light is 321.9°, and this 
occurs at $ = 76.62°. 

(g) The difference in 6kev in the previous two parts is 4.4°. 


73. Let 0\ = 45° be the angle of incidence at the first surface and &i be the angle of 
refraction there. Let é% be the angle of incidence at the second surface. The condition for 
total internai reflection at the second surface is n sin é% > 1 . We want to find the smallest 
value of the index of refraction n for which this inequality holds. The law of refraction, 
applied to the first surface, yields n sin Bi = sin 0\. Consideration of the triangle formed 
by the surface of the slab and the ray in the slab tells us that 9$ = 90° - &i. Thus, the 
condition for total internai reflection becomes 


1 < n sin(90° -&i) = n cos 


2 2 2 2 

Squaring this equation and using sin &i + cos (h = 1, we obtain 1 < n (1 - sin 62). 
Substituting sin &i = (l/n) sin 6\ now leads to 


sin 2 # 


l<n 2 1- 


2 


= n 2 -sin 2 ^. 


V 


n 


) 


2 2 

The largest value of n for which this equation is true is given by 1 = n - sin 0\. We 
solve for n: 



74. Since some of the angles in Fig. 33-70 are measured from vertical axes and some are 
measured from horizontal axes, we must be very careful in taking differences. For 
instance, the angle difference between the first polarizer struck by the light and the 
second is 110° (or 70° depending on how we measure it; it does not matter in the final 
result whether we put A#i = 70° or put A6\ = 110°). Similarly, the angle difference 
between the second and the third is A 0 2 = 40°, and between the third and the fourth is A 0 3 
= 40°, also. Accounting for the "automatic" reduction (by a factor of one-half) whenever 
unpolarized light passes through any polarizing sheet, then our result is the incident 
intensity multiplied by 

|cos 2 (A6>)cos 2 (A# 2 )cos 2 (A# 3 ) . 
Thus, the light that emerges from the system has intensity equal to 0.50 W/m . 


75. Let 6*be the angle of incidence and 62 be the angle of refraction at the left face of the 
plate. Let n be the index of refraction of the glass. Then, the law of refraction yields sin 0 
= n sin 02- The angle of incidence at the right face is also Oi- If &i is the angle of 
emergence there, then n sin 62 = sin 0 3 . Thus sin é% = sin #and &$ = 6. 



The emerging ray is parallel to the incident ray. We wish to derive an expression for x in 
terms of 6. If D is the length of the ray in the glass, then D cos 62 = t and D = r/cos &i- 
The angle a in the diagram equals 6-62 and 

x = D sin a = D sin (6- 

Thus, 

tsm(0-0 7 ) 

x = — . 

cos 0 2 


If ali the angles 6, O2, 0$, and 6- 62 are small and measured in radians, then sin 6~ 6, sin 
02 ~ 02, s'm(0- 62) ~ 0 - (h, and cos 02 ~ \. Thus x ~ t{6 - é%). The law of refraction 
applied to the point of incidence at the left face of the plate is now 6 ~ T1O2, so 6 2 ~ Oln 
and 


x ~ t 


0- 


9\_{n-\)t6 


76. (a) Suppose there are a total of N transparent layers (N = 5 in our case). We label 
these layers from left to right with índices 1,2, N. Let the index of refraction of the air 
be no. We denote the initial angle of incidence of the light ray upon the air-layer boundary 
as 6i and the angle of the emerging light ray as Of. We note that, since ali the boundaries 
are parallel to each other, the angle of incidence 6j at the boundary between the j-th and 
the (j + l)-th layers is the same as the angle between the transmitted light ray and the 
normal in the j-th layer. Thus, for the first boundary (the one between the air and the first 
layer) 

Hj _ s'm0 i 
n Q sin 0 X ' 


for the second boundary 


sin 6 l 
sin 6 n 


and so on. Finally, for the last boundary 


n 0 _ sin 6 N 


f 


Multiplying these equations, we obtain 


\ n Qj 


\ n ij 


\ H N J 


sin 6 i 
siné 1 ! 


sin 0 


2) 


sin 6^ 


ÚYíO 


3 7 


sin 6 N 


ÚYíO 


f ) 


We see that the L.H.S. of the equation above can be reduced to no/no while the R.H.S. is 
equal to sin#/siné^. Equating these two expressions, we find 


sin 6 f = 


f \ 
\ n oJ 


siné?, = siné 1 ,, 


which gives # = Of. So for the two light rays in the problem statement, the angle of the 
emerging light rays are both the same as their respective incident angles. Thus, 6f= 0 for 
ray a, 

(b) and 0f= 20° for ray b. 

(c) In this case, ali we need to do is to change the value of n 0 from 1.0 (for air) to 1.5 (for 
glass). This does not change the result above. That is, we still have 6f= 0 for ray a, 


(d) and 0 f = 20° for ray b. 


Note that the result of this problem is fairly general. It is independent of the number of 
layers and the thickness and index of refraction of each layer. 


77. The time for light to travei a distance d in free space is t = d/c, where c is the speed of 
light (3.00 x 10 8 m/s). 

(a) We take d to be 150 km = 150 x 10 3 m. Then, 

d 150xl0 3 m CAn 1A _ 4 

t = — = - s = 5.00 x 10 4 s. 

c 3.00xl0 8 m/s 

(b) At full moon, the Moon and Sun are on opposite sides of Earth, so the distance 
traveled by the light is 

d =(1.5 x 10 8 km) + 2 (3.8 x 10 5 km) = 1.51 x 10 8 km = 1.51 x 10 n m. 

The time taken by light to travei this distance is 


d 1.51x10" m cr\r\ oa ■ 

t = — = - a = 500 s = 8.4 min. 

c 3.00 x 10 8 m/s 


(c) We take d to be 2(1.3 x IO 9 km) = 2.6 x IO 12 m. Then, 


d 2.6xl0 12 m 0 ^ , 

t = - = s = 8.7 x 10 s = 2.4 h. 

c 3.00xl0 8 m/s 


(d) We take d to be 6500 ly and the speed of light to be 1.00 ly/y. Then, 

d 6500 ly ^ cnn 

t = — = — = 6500 y. 

c 1.00 ly/y 

The explosion took place in the year 1054 - 6500 = -5446 or 5446 b.c. 


78. The law of refraction requires that 

SÍn é^i/sin 02 = «water = COIlSt. 

We can check that this is indeed valid for any given pair of 6\ and é%. For example sin 
10° / sin 8 o = 1.3, and sin 20° / sin 15°30' = 1.3, etc. Therefore, the index of refraction of 
water is n watev =1.3. 


79. (a) From kc = co where k = 1.00 x IO 6 m _1 , we obtain m = 3.00 x IO 14 rad/s. The 
magnetic field amplitude is, from Eq. 33-5, 

B = E/c = (5.00 V/m)/c = 1.67 x IO" 8 T. 

From the fact that -k (the direction of propagation), É = E y j, and B are mutually 
perpendicular, we conclude that the only non-zero component of B is B x , so that we have 

B x = (1 .67 x IO 8 T) sin[(l .00 x IO 6 / m)z + (3.00 x 10 14 / s)í] . 

(b) The wavelength is A, = 2n/k = 6.28 x IO -6 m. 

(c) The period is T=2n/co= 2.09 x 10~ 14 s. 

(d) The intensity is 

( 5.00 V/m " 


/ = ■ 


c// 0 


V2 


= 0.0332 W/m 2 


(e) As noted in part (a), the only nonzero component of B is B x . The magnetic field 
oscillates along the x axis. 

(f) The wavelength found in part (b) places this in the infrared portion of the spectrum. 


80. (a) Setting v = cm the wave relation kv = a>= 2nf, we find/= 1.91 x 10 Hz. 

(b) £ rms = £ m A/2 = BJc-42 = 18.2 V/m. 

(c) / = (£ rms ) 2 /cM 0 = 0.878 W/m 2 . 


4(3.0xl(T 3 W) 


8 1 . (a) At r = 40 m, the intensity is 

7 = -g- = P 

^ 2 /4 7r(^r) 2 /4 ^[( 0 .17xl0- 3 rad)(40m)]' 

(b) P' = 4;ir 2 / = 47i(40m) 2 (83 W/m 2 ) = 1.7 x 10 6 W. 


= 83 W/m 2 


82. (a) Assuming complete absorption, the radiation pressure is 

/ 1.4 x IO 3 W/m 2 A _ in _ 6 , T/ 2 

p=- = r 1 = 4.7 x 10 N/m 2 

r c 3.0 x 10 m/s ' 

(b) We compare values by setting up a ratio: 

p, 4.7 x IO 6 N/m 2 


p 0 1.0 x 10 N/m 


= 4.7x10 


2 2 

83. (a) The area of a hemisphere is A = 2nr , and we get / = P/A = 3.5 |u,W/m . 

(b) Our part (a) result multiplied by 0.22 m 2 gives 0.78 /jW. 

—17 2 

(c) The part (b) answer divided by the A of part (a) leads to 1.5 x 10 W/m . 

(d) Then Eq. 33-26 gives E ims = 76 nV/m => E max = \[2 E rms = 1.1 x 10~ 7 V/m. 

(e) 5 rms = E ims k = 2.5 x 10~ 16 T = 0.25 fT. 


84. Accounting for the "automatic" reduction (by a factor of one-half) whenever 
unpolarized light passes through any polarizing sheet, then our result is 


f(cos 2 (30°)) 3 = 0.21. 


85. We remind ourselves that when the unpolarized light passes through the first sheet, its 
intensity is reduced by a factor of 2. Thus, to end up with an overall reduction of one- 
third, the second sheet must cause a further decrease by a factor of two-thirds (since 
(l/2)(2/3) = 1/3). Thus, cos 2 #= 2/3 => 0= 35°. 


86. (a) The magnitude of the magnetic field is 

B= E = 100 V/m =33xl0 -, T . 
c 3.0 x IO 8 m/s 

(b) With £ x B = ju 0 S, where È = Ek and S = , one can verify easily that since 
k x (-i) = - j, B has to be in the —x direction. 


87. From Fig. 33-19 we find n max = 1.470 for X = 400 nm and n min = 1.456 for X = 700 nm. 

(a) The corresponding Brewster's angles are 

6W = tarT 1 n mãX = Ian" 1 (1.470) = 55.8°, 

(b) and 0B Mn = tan -1 (1.456) = 55.5°. 


88. (a) Let r be the radius and pbe, the density of the particle. Since its volume is (47t/3)r 3 , 
its mass is m = (4n/3)pr . Let R be the distance from the Sun to the particle and let M be 
the mass of the Sun. Then, the gravitational force of attraction of the Sun on the particle 
has magnitude 

GMm _ 4nGMpr 3 
g ~ R 2 3R 2 ' 


If P is the power output of the Sun, then at the position of the particle, the radiation 
intensity is 7 = P/4nR 2 , and since the particle is perfectly absorbing, the radiation pressure 
on it is 

I _ P 

Pr ~~c~ 4kR 2 c ' 

AU of the radiation that passes through a circle of radius r and area A = nr 2 , 
perpendicular to the direction of propagation, is absorbed by the particle, so the force of 
the radiation on the particle has magnitude 

nPr 2 Pr 2 
4nR 2 c 4R 2 c 


The force is radially outward from the Sun. Notice that both the force of gravity and the 
force of the radiation are inversely proportional to R 2 . If one of these forces is larger than 
the other at some distance from the Sun, then that force is larger at ali distances. The two 
forces depend on the particle radius r differently: F g is proportional to r 3 and F r is 
proportional to r 2 . We expect a small radius particle to be blown away by the radiation 
pressure and a large radius particle with the same density to be pulled inward toward the 
Sun. The criticai value for the radius is the value for which the two forces are equal. 
Equating the expressions for F g and F r , we solve for r. 

3P 

r = . 

íónGMpc 

(b) According to Appendix C, Aí = 1.99 x IO 30 kg and P = 3.90 x IO 26 W. Thus, 

3(3.90 x IO 26 W) 

r ~ 167r(6.67xl0" n N-m 2 /kg 2 )(1.99xl0 30 kg)(1.0xl0 3 kg/m 3 )(3.00x 10 8 m/s) 
= 5.8 x IO 1 m. 


89. (a) The polarization direction is defined by the electric field (which is perpendicular 
to the magnetic field in the wave, and also perpendicular to the direction of wave travei). 
The given function indicates the magnetic field is along the x axis (by the subscript on B) 
and the wave motion is along -y axis (see the argument of the sine function). Thus, the 
electric field direction must be parallel to the z axis. 

(b) Since k is given as 1.57 x 10 7 /m, then X = 2nlk = 4.0 x l(T 7 m, which means/= c/X = 
7.5 x IO 14 Hz. 

(c) The magnetic field amplitude is given as B m = 4.0 x 10~ 6 T. The electric field 
amplitude E m is equal to B m divided by the speed of light c. The rms value of the electric 
field is then E m divided by ^2 . Eq. 33-26 then gives /= 1.9 kW/m 2 . 


90. Using Eqs. 33-40 and 33-42, we obtain 


/^_ (v 2 )K 45 °) Kfg) _i_ 0125 


91. With the index of refraction n = 1.456 at the red end, since sin 6 C = l/n, the criticai 
angle is 0 C = 43.38° for red. 

(a) At an angle of incidence of 6\ = 42.00° < 6 C , the refracted light is white. 

(b) At an angle of incidence of 0\ = 43.10° which is slightly less than 0 C , the refracted 
light is white but dominated by red end. 

(c) At an angle of incidence of 0\ = 44.00° > 6 C , there is no refracted light. 


92. We apply Eq. 33-40 (once) and Eq. 33-42 (twice) to obtain 

/ = ^ 7 0 cos 2 0 X cos 2 6 2 

where 0{ = 90° -6 X = 60° and 6 2 = 90° - 0 2 = 60° . This yields 7// 0 = 0.03 1 . 


93. We write m = pV where V = 4nR^/3 is the volume. Plugging this into F = ma and 
then into Eq. 33-32 (with A = kR , assuming the light is in the form of plane waves), we 
find 

4nR 3 IkR 2 

p——a = . 

3 c 

This simplifies to 

31 

a = 

ApcR 


which yields a = 1.5 x 10 9 m/s 2 . 


94. We apply Eq. 33-40 (once) and Eq. 33-42 (twice) to obtain 

/ = cos 2 0 X cos 2 6 2 

where 6 X = (9O° — 0 1 ) + 0 2 =110° is the relative angle between the first and the second 
polarizing sheets, and 0 2 = 90° - 0 2 = 50° is the relative angle between the second and the 
third polarizing sheets. Thus, we have II Iq = 0.024. 


95. We apply Eq. 33-40 (once) and Eq. 33-42 (twice) to obtain 

/ = -/„ cos 2 ff cos 2 ff. 
2 0 

With ff = e 2 -0 x = 60° - 20° = 40° and ff = 0 3 +(x/2-0 2 ) = 40° + 30° = 70°, we get 
///o = 0.034. 


2 

96. We use Eq. 33-33 for the force, where A is the area of the reflecting surface (4.0 m ). 
The intensity is gotten from Eq. 33-27 where P = Ps is in Appendix C (see also Sample 
Problem 33-2) and r = 3.0 x 10 11 m (given in the problem statement). Our result for the 
force is 9.2 uN. 


97. Eq. 33-5 gives B = E/c, which relates the field values at any instant — and so relates 
rms values to rms values, and amplitude values to amplitude values, as the case may be. 
Thus, the rms value of the magnetic field is 

5 rms =(0.200 V/m)/(3 x 10 8 m/s) = 6.67 x IO" 10 T, 


which (upon multiplication by V2 ) yields an amplitude value of magnetic field equal to 
9.43 x 10" 10 T. 


98. (a) The Sun is far enough away that we approximate its rays as "parallel" in this 
Figure. That is, if the sunray makes angle 0 from horizontal when the bird is in one 
position, then it makes the same angle 6 when the bird is any other position. Therefore, 
its shadow on the ground moves as the bird moves: at 15 m/s. 

(b) If the bird is in a position, a distance x > 0 from the wall, such that its shadow is on 
the wall at a distance 0 > y > h from the top of the wall, then it is clear from the Figure 
that tan#= y/x. Thus, 

^ = — tan6> = (-15 m/ s) tan30°= -8.7 m/s, 
dt dt 

which means that the distance y (which was measured as a positive number downward 
from the top of the wall) is shrinking at the rate of 8.7 m/s. 

(c) Since tané? grows as 0 < 6 < 90° increases, then a larger value of \dyldt\ implies a 
larger value of 6. The Sun is higher in the sky when the hawk glides by. 


(d) With \dy/dt\ = 45 m/s, we find 


^hawk 


dx 


dt 


\dy I dt\ 
tan# 


so that we obtain 6= 12° if we assume Vhawk = 15 m/s. 


99. (a) The wave is traveling in the -y direction (see §16-5 for the significance of the 
relative sign between the spatial and temporal arguments of the wave function). 

(b) Figure 33-5 may help in visualizing this. The direction of propagation (along the y 
axis) is perpendicular to B (presumably along the x axis, since the problem gives B x and 
no other component) and both are perpendicular to E (which determines the axis of 
polarization). Thus, the wave is z-polarized. 

(c) Since the magnetic field amplitude is B m = 4.00 juT, then (by Eq. 33-5) E m = 1199 
V/m « 1.20xl0 3 V/m. Dividing by V2 yields E^ = 848 V/m. Then, Eq. 33-26 gives 

/ = — £ r 2 ms = 1.91xl0 3 W/m 2 . 
c// 0 

(d) Since kc = a> (equivalent to c =fX), we have 

, 2.00 x IO 15 ,„ tn6 _j 
k = = 6.67 x 10 m . 

c 

Summarizing the information gathered so far, we have (with SI units understood) 
E z = (1 .2 xlO 3 V/m) sin[(6.67 x IO 6 / m) y + (2.00 xlO 15 / s)í] . 

(e) X = 2n/k = 942 nm. 

(f) This is an infrared light. 


100. (a) The angle of incidence 6b,\ at B is the complement of the criticai angle at A; its 
sine is 


sin 6 B j = cos 6 C = 


f \ 


so that the angle of refraction 0 B ,2 at B becomes 


0 B2 = sin 


f \ 


\ U 2J 


í \ 


= sin 


•1=35.1° 


(b) From n\ sin 6= n 2 sin 6 C = n 2 (n 3 /n 2 ), we find 


0 = sin 1 


= 49.9°. 


(c) The angle of incidence 0a,i at A is the complement of the criticai angle at B; its sine is 


s'm0 Al =cos0 c = Jl- 


f V 

K n 2j 


so that the angle of refraction 0 A ,2 at A becomes 


# A 2 = shT 


1- 


= sin 


-1=35.1° 


(d) From 


«j sin 6 = n 2 sin 0 Al =n 2 


\ U 2J 


I 2 _ 2~ 

— yjn 2 n 3 , 


we find 


6» = sin" 1 


= 26.1° 


(e) The angle of incidence 6^1 at 5 is the complement of the Brewster angle at A; its sine 
is 


so that the angle of refraction Q B ,2 at B becomes 


6 B2 = sin 1 


n 2 


= 60.7° . 


(f) From 


we find 


n x sin 6 = n 2 sin 0 X 


— Yl 

Brewster 2 


6 = sin 1 


n 2 n 3 


V2 2 
n 2 +n. 


= 35.3° 


3 J 


101. (a) and (b) At the Brewster angle, éUdent + áUwted = 0* + 32.0° = 90.0°, so 6k = 
58.0° and 

n glass = tan 6q = tan 58.0° = 1.60. 


102. We take the derivative with respect to x of both sides of Eq. 33-1 1: 


õ 

( ÕE^ 

_Ô 2 E _ 

. d 

( 

ÕB\ 

ôx 

K ÕX J 

' Õx 2 ' 

õx 

V 

dt , 


Ô 2 B 
õxõt 


Now we differentiate both sides of Eq. 33-18 with respect to t: 


Õ_ 

dt 


ÕB_ 

ôx 


Õ 2 B _ Ô 
õxõt õt 


ÕE_ 


Õ 2 E 


Substituting õ 2 E/õx 2 =-õ 2 B/õxõt from the first equation above into the second one, we 
get 


õ 2 E õ 2 E õ 2 E 1 õ 2 E 2 õ 2 E 


= c 


õt 2 õx 2 õt 2 s Q ju 0 õx 2 õx 2 

Similarly, we differentiate both sides of Eq. 33-1 1 with respect to t 

Õ 2 E _ Õ 2 B 
õxõt õt 2 

and differentiate both sides of Eq. 33-18 with respect to x 

Õ 2 B Õ 2 E 


õx 2 £o/J ° 


õxõt 


Combining these two equations, we get 


õ 2 B _ 1 õ 2 B _ 2 õ 2 B 
õt 2 S Q jU Q õx 2 õx 2 


103. (a)FromEq. 33-1, 


= -^[ E m s ' m (kx " o*)] = ~<o í E n sin (** - cot), 

and 

ô 2 E ô 2 

c 2 — y ~ q1 — li^m s ^ n (kx - <**)] = ~k 2 c 2 sin(kx - cot) = -co 2 E m sin(kx - cot). 

õx õx 

Consequently, 

Õ 2 E _ 2 Õ 2 E 
~ÕÍ 2 ~~ C 'õx 2 

is satisfied. Analogously, one can show that Eq. 33-2 satisfies 


Õ 2 B 2 Õ 2 B 

T = c T ■ 

Ôt 2 Õx 2 

(b) From E = E m f(kx ± cot), 

õ 2 E_ õ 2 f(kx±cot) _ 2 d 2 f 
õt 2 " m õt 2 " W m du 2 

u=, 


and 


Õ 2 E 


= c 2 E, 


õ 2 f(kx±cot)_ = c2E k2 d 2 f 


Õt 1 


du 


u=kx±wt 


Since co=ck the right-hand sides of these two equations are equal. Therefore, 


Õ 2 E 2 Õ 2 E 


Õt 2 


= c 


Õx 2 


Changing E to B and repeating the derivation above shows that B = B m f (kx ± cot) 
satisfies 

Õ 2 B _ 2 Õ 2 B 
~õt r ~ C ~õx T ' 


104. Since intensity is power divided by area (and the area is spherical in the isotropic 
case), then the intensity at a distance of r = 20 m from the source is 


7 = —^- = 0.040 W/m 2 . 

as illustrated in Sample Problem 33-2. Now, in Eq. 33-32 for a totally absorbing area A, 
we note that the exposed area of the small sphere is that on a flat circle A = 7t(0.020 m) 2 = 
0.0013 m 2 . Therefore, 

F= M = (0.040X0.0013) = 17xl0 _,3 R 
c 3xl0 8 


1. The image is 10 cm behind the mirror and you are 30 cm in front of the mirror. You 
must focus your eyes for a distance of 10 cm + 30 cm = 40 cm. 


2. The bird is a distance J2 in front of the mirrar; the plane of its image is that same 
distance di behind the mirrar. The lateral distance between you and the bird is dj, = 5.00 
m. We denote the distance from the camera to the mirrar as d\, and we construct a right 
triangle out of J3 and the distance between the camera and the image plane (d\ + d?). 
Thus, the focus distance is 



3. When S is barely able to see B the light rays from B must reflect to S off the edge of the 
mirror. The angle of reflection in this case is 45°, since a line drawn from S to the 
mirror's edge makes a 45° angle relative to the wall. By the law of reflection, we find 


x 


d/2 


= tan45° = l 


d 3.0m , _ 

x = — = = 1 .5 m. 

2 2 


4. The intensity of light from a point source varies as the inverse of the square of the 
distance from the source. Before the mirror is in place, the intensity at the center of the 
screen is given by Ip = Al d , where A is a constant of proportionality. After the mirror is 
in place, the light that goes directly to the screen contributes intensity I P , as before. 
Reflected light also reaches the screen. This light appears to come from the image of the 
source, a distance d behind the mirror and a distance 3d from the screen. Its contribution 
to the intensity at the center of the screen is 

/ - A - A =h 
' (3df 9d 2 9 ' 

The total intensity at the center of the screen is 

ii i i 1 p 10 , 

I = I p+ I r =I p+ -!L = — I p . 

The ratio of the new intensity to the original intensity is II I P = 10/9 = 1.11. 


5. We apply the law of refraction, assuming ali angles are in radians 



siné? n 


which in our case reduces to ff ~ 6ln w (since both 6 and 6 ' 
are small, and n a ; r » 1). We refer to our figure on the right. 

The object O is a vertical distance d\ above the water, and 
the water surface is a vertical distance d2 above the mirror. 
We are looking for a distance d (treated as a positive 
number) below the mirror where the image / of the object is 
formed. In the triangle O AB 


and in the triangle CBD 

\BC\ = 2d 2 tan ff *2d 2 ff '« 


Finally, in the triangle ACI, we have IA/1 = d + d2- Therefore, 


\AB\=d 1 tan0nd 1 0, 


n 


w 


d = I AI I -d 2 = 


IACI 
tan 6 


\AB\ + \BC\ 

0 



— d 


= 250cm + 


2(200cm) 
L33 


200cm = 351cm. 


6. The graph in Fig. 34-34 implies that /= 20 cm, which we can plug into Eq. 34-9 (with 
p = 70 cm) to obtain i = +28 cm. 


7. We use Eqs. 34-3 and 34-4, and note that m = -i/p. Thus, 


We solve for p: 


j_ 1_ J__2_ 

p pm f r 


í 


P = 


1 


1- 

V mj 


35.0 cm 


1- 


2.50 ) 


= 10.5 cm. 


8. We note from Fig. 34-35 that m = ^ when p = 5 cm. Thus Eq. 34-7 (the magnification 

equation) gives us i = -10 cm in that case. Then, by Eq. 34-9 (which applies to mirrors 
and thin-lenses) we find the focal length of the mirror is/ = 10 cm. Next, the problem 
asks us to consider p = 14 cm. With the focal length value already determined, then Eq. 
34-9 yields / = 35 cm for this new value of object distance. Then, using Eq. 34-7 again, 
we find m = i/p = -2.5. 


9. A concave mirrar has a positive value of focal length. 

(a) Then (with /= +18 cm and p = +12 cm) , the radius of curvatura is r = 2f= + 36 cm. 

(b) Eq. 34-9 yields i = pf/( p-f) = -36 cm. 

(c) Then, by Eq. 34-7, m = -i/p = +3.0. 

(d) Since the image distance is negative, the image is virtual (V). 

(e) The magnification computation produced a positive value, so it is upright [not 
inverted] (NI). 

(f) For a mirrar, the side where a virtual image forms is opposite from the side where the 
object is. 


10. A concave mirror has a positive value of focal length. 

(a) Then (with /= +36 cm and p = +24 cm), the radius of curvature is r = 2f= + 72 cm. 

(b) Eq. 34-9 yields i = pfl{ p-f) = -72 cm. 

(c) Then, by Eq. 34-7, m = -i/p = +3.0. 

(d) Since the image distance is negative, the image is virtual (V). 

(e) The magnification computation produced a positive value, so it is upright [not 
inverted] (NI). 

(f) For a mirror, the side where a virtual image forms is opposite from the side where the 
object is. 


11. We recall that a concave mirror has a positive value of focal length. 

(a) Then (with /= +12 cm and p = +18 cm), the radius of curvature is r = 2f = +24 cm . 

(b) Eq. 34-9 yields i = pf/( p-f) = +36 cm. 

(c) Then, by Eq. 34-7, the lateral magnification is m = -i/p = -2.0. 

(d) Since the image distance computation produced a positive value, the image is real (R). 

(e) The magnification computation produced a negative value, so it is inverted (I). 

(f) For a mirror, the side where a real image forms is the same as the side where the 
object is. 


12. A concave mirror has a positive value of focal length. 

(a) Then (with /= +10 cm and p = +15 cm), the radius of curvature is r = 2f = +20 cm . 

(b) Eq. 34-9 yields i = pf/( p-f) = +30 cm. 

(c) Then, by Eq. 34-7, m = -i/p = -2.0. 

(d) Since the image distance computation produced a positive value, the image is real (R). 

(e) The magnification computation produced a negative value, so it is inverted (I). 

(f) For a mirror, the side where a real image forms is the same as the side where the 
object is. 


13. A convex mirror has a negative value of focal length. 

(a) Then (with /= -8 cm and p = +10 cm), the radius of curv ature is r = 2f= -16 cm. 

(b) Eq. 34-9 yields i = pf/( p-f) = -4.4 cm. 

(c) Then, by Eq. 34-7, m = -i/p = +0.44. 

(d) Since the image distance is negative, the image is virtual (V). 

(e) The magnification computation produced a positive value, so it is upright [not 
inverted] (NI). 

(f) For a mirror, the side where a virtual image forms is opposite from the side where the 
object is. 


14. A convex mirror has a negative value of focal length. 

(a) Then (with /= -14 cm and p = +17 cm), the radius of curvature is r = 2f= -28 cm. 

(b) Eq. 34-9 yields i = pf/(p-f) = -7.7 cm. 

(c) Then, by Eq. 34-7, m = -i/p = +0.45. 

(d) Since the image distance is negative, the image is virtual (V). 

(e) The magnification computation produced a positive value, so it is upright [not 
inverted] (NI). 

(f) For a mirror, the side where a virtual image forms is opposite from the side where the 
object is. 


15. A convex mirror has a negative value of focal length. 

(a) Then (with /= -10 cm and p = +8 cm), the radius of curvature is r = 2f= -20 cm. 

(b) Eq. 34-9 yields i = pf/( p-f) = -4A cm. 

(c) Then, by Eq. 34-7, m = -i/p = +0.56. 

(d) Since the image distance is negative, the image is virtual (V). 

(e) The magnification computation produced a positive value, so it is upright [not 
inverted] (NI). 

(f) For a mirror, the side where a virtual image forms is opposite from the side where the 
object is. 


16. A convex mirror has a negative value of focal length. 

(a) Then (with /= -35 cm and p = +22 cm), the radius of curvature is r = 2f= -70 cm. 

(b) Eq. 34-9 yields i = pfl(p-f) = -14 cm. 

(c) Then, by Eq. 34-7, m = -i/p = +0.61. 

(d) Since the image distance is negative, the image is virtual (V). 

(e) The magnification computation produced a positive value, so it is upright [not 
inverted] (NI). 

(f) For a mirror, the side where a virtual image forms is opposite from the side where the 
object is. 


17. (a) From Eqs. 34-3 and 34-4, we obtain 


i = 


Pf = Pr 
p-f 2p-r 


Differentiating both sides with respect to time and using vç> = -dp/dt, we find 


_ di _ d 
' dt dt 


pr -rv 0 (2p-r) + 2v 0 pr 


K 2p-rj 


(2p-rf 


r 

\2p-rj 


(b) If p = 30 cm, we obtain 


v , = 


15 cm 


2(30 cm) -15 cm 


(5.0 cm/s) = 0.56 cm/s. 


(c) If p = 8.0 cm, we obtain 


15 cm 


-]2 


2(8.0 cm) -15 cm 


(5.0 cm/s) = l.lxl0 3 cm/s. 


(d) If p = 1.0 cm, we obtain 


15cm 


-i2 


2(l.0cm)-15cm 


(5.0 cm/s) = 6.7 cm/s. 


18. We note that there is "singularity" in this graph (Fig. 34-36) like there was in Fig. 34- 
34), which tells us that there is no point where p = f (which causes Eq. 34-9 to "blow 
up"). Since p > 0, as usual, then this means that the focal length is not positive. We 
know it is not a flat mirror since the curve shown does decrease with p, so we conclude it 
is a convex mirror. We examine the point where m = 0.50 and p = 10 cm. Combining Eq. 
34-7 and Eq. 34-9 we obtain 

i f 
m = = . 

P P-f 

This yields / = -10 cm (verifying our expectation that the mirror is convex). Now, for 
p = 21 cm, we find m = -f/(p -f) = +0.32. 


19. (a) The mirror is concave. 

(b) /= +20 cm (positive, because the mirror is concave). 

(c) r = 2f= 2(+20 cm) = +40 cm. 

(d) The object distance p = +10 cm, as given in the Table. 

(e) The image distance is i = (l/f- l/p)' 1 = (1/20 cm - 1/10 cm) 1 = -20 cm. 

(f) m = -i/p = -(-20 cm/10 cm) = +2.0. 

(g) The image is virtual (V). 

(h) The image is upright or not inverted (NI). 

(i) For a mirror, the side where a virtual image fornis is opposite from the side where the 
object is. 


20. (a) Since m = - 1/2 < 0, the image is inverted. With that in mind, we examine the 
various possibilities in Figs. 34-8, 34-10 and 34-11, and note that an inverted image (for 
reflections from a single mirror) can only occur if the mirror is concave (and if p > f). 

(b) Next, we find i from Eq. 34-6 (which yields i = mp = 30 cm) and then use this value 
(and Eq. 34-4) to compute the focal length; we obtain/= +20 cm. 

(c) Then, Eq. 34-3 gives r=2f= +40 cm. 

(d) p = 60 cm, as given in the Table. 

(e) As already noted, i = +30 cm. 

(f) m = - 1/2, as given. 

(g) Since i > 0, the image is real (R). 

(h) As already noted, the image is inverted (I). 

(i) For a mirror, the side where a real image fornis is the same as the side where the 
object is. 


21. (a) Since r < O then (by Eq. 34-3) f< O, which means the mirror is convex. 

(b) The focal length is/ = r/2 = -20 cm. 

(c) r = - 40 cm, as given in the Table. 

(d) Eq. 34-4 leads to p = +20 cm. 

(e) i = -10 cm, as given in the Table. 

(f) Eq. 34-6 gives m = +0.50. 

(g) The image is virtual (V). 

(h) The image is upright, or not inverted (NI). 

(i) For a mirror, the side where a virtual image forms is opposite from the side where the 
object is. 


22. (a) The fact that the magnification is 1 means that the mirror is flat (plane). 

(b) Flat mirrors (and flat "lenses" such as a window pane) have/= co (or/= -qo since the 
sign does not matter in this extreme case). 

(c) The radius of curvature is r = 2f= oo (or r = -qo) by Eq. 34-3. 

(d) p = + 10 cm, as given in the Table. 

(e) Eq. 34-4 readily yields i = pf/( p -/) = -10 cm. 

(f) The magnification is m = -i/p = +1.0. 

(g) The image is virtual (V) since i < 0. 

(h) The image is upright, or not inverted (NI). 

(i) For a mirror, the side where a virtual image fornis is opposite from the side where the 
object is. 


23. (a) Since /> O, the mirror is concave. 

(b) /= + 20 cm, as given in the Table. 

(c) Using Eq. 34-3, we obtain r = 2f= +40 cm. 

(d) p = + 10 cm, as given in the Table. 

(e) Eq. 34-4 readily yields i = pf/( p-f) = +60 cm. 

(f) Eq. 34-6 gives m = -i/p = -2.0. 

(g) Since i > 0, the image is real (R). 

(h) Since m < 0, the image is inverted (I). 

(i) For a mirror, the side where a real image fornis is the same as the side where the 
object is. 


24. (a) Since the image is inverted, we can scan Figs. 34-8, 34-10 and 34-11 in the 
textbook and find that the mirror must be concave. 

(b) This also implies that we must put a minus sign in front of the "0.50" value given for 
m. To solve for/, we first find i = -pm = +12 cm from Eq. 34-6 and plug into Eq. 34-4; 
the result is/= +8 cm. 

(c) Thus, r = 2f= +16 cm. 

(d) p = +24 cm, as given in the Table. 

(e) As shown above, i = -pm = +12 cm. 

(f) m = -0.50, with a minus sign. 

(g) The image is real (R) since i > 0. 

(h) The image is inverted (I), as noted above. 

(i) For a mirror, the side where a real image fornis is the same as the side where the 
object is. 


25. (a) The fact that the focal length is given as a negative value means the mirror is 
convex. 

(b) /= -30 cm, as given in the Table. 

(c) The radius of curvature is r = 2f= -60 cm. 

(d) Eq. 34-9 gives p = if/(i -f) = +30 cm. 

(e) i = -15, as given in the Table. 

(f) From Eq. 34-7, we get m = +1/2 = 0.50. 

(g) The image distance is given as a negative value (as it would have to be, since the 
mirror is convex), which means the image is virtual (V). 

(h) Since m > 0, the image is upright (not inverted: NI). 

(i) The image is on the side of the mirror opposite to the object. 


26. (a) Since O < m < 1, the image is upright but smaller than the object. With that in 
mind, we examine the various possibilities in Figs. 34-8, 34-10 and 34-11, and note that 
such an image (for reflections from a single mirror) can only occur if the mirror is convex. 

(b) Thus, we must put a minus sign in front of the "20" value given for/, i.e.,/ = - 20 cm. 

(c) Eq. 34-3 then gives r = 2f= -40 cm. 

(d) To solve for i and p we must set up Eq. 34-4 and Eq. 34-6 as a simultaneous set and 
solve for the two unknowns. The results are p = +180 cm = +1.8 m, and 

(e) / = —18 cm. 

(f) m = 0.10, as given in the Table. 

(g) The image is virtual (V) since i < 0. 

(h) The image is upright, or not inverted (NI), as already noted. 

(i) For a mirror, the side where a virtual image fornis is opposite from the side where the 
object is. 


27. (a) The mirror is convex, as given. 

(b) Knowing the mirror is convex means we must put a minus sign in front of the "40" 
value given for r. Then, Eq. 34-3 yields/= r/2 = -20 cm. 

(c) r = - 40 cm. 

(d) The fact that the mirror is convex also means that we need to insert a minus sign in 
front of the "4.0" value given for i, since the image in this case must be virtual (see Figs. 
34-8, 34-10 and 34-11). Eq. 34-4 leads top = +5.0 cm. 

(e) As noted above, i = - 4.0. 

(f) Eq. 34-6 gives m = +0.80. 

(g) The image is virtual (V) since i < 0. 

(h) The image is upright, or not inverted (NI). 

(i) For a mirror, the side where a virtual image fornis is opposite from the side where the 
object is. 


28. (a) From Eq. 34-7, we get / = -mp = +28 cm, which implies the image is real (R) and 
on the same side as the object. Since m < 0, we know it was inverted (I). From Eq. 34-9, 
we obtain/= ip/(i + p) = +16 cm, which tells us (among other things) that the mirror is 
concave. 

(b) /= ip/(i + p) = +16 cm. 

(c) r = 2/=+32cm. 

(d) p = +40 cm, as given in the Table. 

(e) i = -mp = +28 cm. 

(f) m = -0.70, as given in the Table. 

(g) The image is real (R). 

(h) The image is inverted (I). 

(i) For a mirror, the side where a real image fornis is the same as the side where the 
object is. 


29. (a) The fact that the magnification is equal to a positive value means that the image is 
upright (not inverted: NI), and further implies (by Eq. 34-7) that the image distance (i) is 
equal to a negative value => the image is virtual (V). Looking at the discussion of 
mirrors in sections 34-3 and 34-4, we see that a positive magnification of magnitude less 
than unity is only possible for convex mirrors. 

(b) For 0< m < 1 this will only give a positive value for p =//(l - l/m) if f< 0. Thus, 
with a minus sign, we have/= -30 cm. 

(c) r = 2/=-60 cm. 

(d) p =f/(l - l/m) = + 120 cm = 1.2 m. 

(e) i = -mp = -24 cm. 

(f) m = +0.20, as given in the Table. 

(g) The image is virtual (V). 

(h) The image is upright, or not inverted (NI). 

(i) For a mirror, the side where a virtual image fornis is opposite from the side where the 
object is. 


30. (a) We are told that the image is on the same side as the object; this means the image 
is real (R) and further implies that the mirror is concave. 

(b) The focal distance is/= +20 cm. 

(c) The radius of curvature is r = 2f= +40 cm. 

(d) p = +60 cm, as given in the Table. 

(e) Eq. 34-9 gives i = pf/(p -f) = +30 cm. 

(f) Eq. 34-7 gives m = -i/p = -0.50. 

(g) As noted above, the image is real (R). 

(h) The image is inverted (I) since m < 0. 

(i) For a mirror, the side where a real image fornis is the same as the side where the 
object is. 


31. (a) As stated in the problem, the image is inverted (I) which implies that it is real (R). 
It also (more directly) tells us that the magnification is equal to a negative value: m = 
-0.40. By Eq. 34-7, the image distance is consequently found to be i = +12 cm. Real 
images don't arise (under normal circumstances) from convex mirrors, so we conclude 
that this mirror is concave. 

(b) The focal length is/= +8.6 cm, using Eq. 34-9/= +8.6 cm. 

(c) The radius of curvature is r = 2f= +17.2 cm « 17 cm. 

(d) p = +30 cm, as given in the Table. 

(e) As noted above, / = +12 cm. 

(f) Similarly, m = -0.40, with a minus sign. 

(g) The image is real (R). 

(h) The image is inverted (I). 

(i) For a mirror, the side where a real image fornis is the same as the side where the 
object is. 


32. We use Eq. 34-8 (and Fig. 34-1 l(d) is useful), with ti\ = 1.6 and ri2 = 1 (using the 
rounded-off value for air): 

1.6 | 1 _ 1 — 1.6 

p i r 


Using the sign convention for r stated in the paragraph following Eq. 34-8 (so that 
r = -5.0 cm), we obtain i = -2.4 cm for objects at p = 3.0 cm. Returning to Fig. 34-37 
(and noting the location of the observer), we conclude that the tabletop seems 7.4 cm 
away. 


33. (a) We use Eq. 34-8 and note that ti\ = = 1.00, n,2 = n, p = oo, and / = 2r: 

1.00 | n _n-l 

oo 2r r 

We solve for the unknown index: n = 2.00. 
(b) Now i = r so Eq. 34-8 becomes 

n _n-í 
r r 

which is not valid unless n — > co or r — > oo. It is impossible to focus at the center of the 
sphere. 


34. In addition to ti\ =1.0, we are given (a) n 2 =1.5, (c) r = +30 and (d) i = +600 . 
(b) Eq. 34-8 gives 

n x 1-0 71 

p = ! = — — = 71cm. 

n 2 -n x n 2 1.5-1.0 1.5 

r Y 30 cm 600 cm 

(e) With / > 0 , the image is real (R) and inverted. 

(f) The object and its image are in the opposite side. The ray diagram would be similar to 
Fig. 34-12(a) in the textbook. 


35. In addition to n x =1.0, we are given (a) «2=1.5, (b) p = +10 and (d) i = -13 . 
(c) Eq. 34-8 yields 


r = (n 2 -n 1 ) 


r v 1 

-L + -L 


yp i 


= (1.5-1.0) 


1.0 


-+- 


1.5 


10 cm -13 cm 


= -32.5 cm «-33 cm . 


(e) The image is virtual (V) and upright. 


(f) The object and its image are in the same side. The ray diagram would be similar to Fig. 
34-12(e). 


36. In addition to n\ =1.0, we are given (a) «2=1.5, (b) p = +10 and (c) r = +30. 
(d) Eq. 34-8 yields 


i = n n 


H 2 -ftj Hj 


( 1.5 -1.0 1.0 


= 1.5 


PJ 


30 cm 10 cm 


-18 cm. 


(e) The image is virtual (V) and upright since i < 0 . 


(f) The object and its image are in the same side. The ray diagram would be similar to Fig. 
34-12(c) in the textbook. 


37. In addition to n\ =1.5, we are given (a) «2=1.0, (b) p = +70 and (c) r = +30. 
(d) We manipulate Eq. 34-8 to find the image distance: 


i = H 0 


P) 


= 1.0 


1.0-1.5 1.5 


30 cm 70 cm y 


= -26 cm. 


(e) The image is virtual (V) and upright. 


(f) The object and its image are in the same side. The ray diagram would be similar to Fig. 
34-12(f) in the textbook. 


38. In addition to ti\ =1.5, we are given (b) p = +100, (c) r = -30 and (d) i = +600 . 
(a) We manipulate Eq. 34-8 to separate the índices: 


ri o 


í \ 
n, n, 
— + — 


f 1 

1 > 


f 1.5 1.5^ 



=í> n 2 




+ ^> 

v r ij 


yP r j 


v-30 

600 j 


v 100 -30 J 


n 2 (-0.035) = -0.035 


which implies n 2 = 1.0. 

(e) The image is real (R) and inverted. 

(f) The object and its image are in the opposite side. The ray diagram would be similar to 
Fig. 34-12(b) in the textbook. 


39. In addition to n\ =1.5, we are given (a) «2=1.0, (b) p = +10 and (d) i = -6.0 . 
(c) We manipulate Eq. 34-8 to find r. 


r = (n 2 -r h ) 


— + — 

VP 1 ) 


= (1.0-1.5) 


1.5 


- + ■ 


1.0 


10 cm -6.0 cm 


= 30 cm. 


(e) The image is virtual (V) and upright. 

(f) The object and its image are in the same side. The ray diagram would be similar to Fig. 
34-12(f) in the textbook, but with the object and the image located closer to the surface. 


40. In addition to ti\ =1.5, we are given (a) «2=1-0, (c) r = -30 and (d) i = -7.5 . 
(b)We manipulate Eq. 34-8 to find p: 

P = ' = 1 n 1 g Tn — = 10cm - 

n 2 -nj n 2 1.0-1.5 1.0 

/ -30 cm -7.5 cm 

(e) The image is virtual (V) and upright. 

(f) The object and its image are in the same side. The ray diagram would be similar to Fig. 
34-12(d) in the textbook. 


41. We use the lens maker's equation, Eq. 34-10: 


= (»-!) 


f \ 1 A 


where/is the focal length, n is the index of refraction, r\ is the radius of curvature of the 
first surface encountered by the light and r 2 is the radius of curvature of the second 
surface. Since one surface has twice the radius of the other and since one surface is 
convex to the incoming light while the other is concave, set r 2 = -2r\ to obtain 


1 

7 


= (n-í) 


1 1 

— + - 


2r, 


i ) 


3(w-l) 
2r, 


(a) We solve for the smaller radius r\\ 

3(n-V)f 3(1.5 -1)(60 mm) 


r, = 


= 45 mm. 


(b) The magnitude of the larger radius is I r 2 1= 2r x = 90 mm . 


42. The singularity the graph (where the curve goes to ±00) is at p = 30 cm, which implies 
(by Eq. 34-9) that/ = 30 cm > 0 (converging type lens). For p = 100 cm, Eq. 34-9 leads 
to i = +43 cm. 


43. Let the diameter of the Sun be d s and that of the image be du Then, Eq. 34-5 leads to 


d i =\m\d s = 
= 1.86mm 


d 


(20.0xl(T 2 m)(2)(6.96xl0 8 m) 
" 1.50xlO n m ~ 


86x10 3 m 


44. Since the focal length is a constant for the whole graph, then l/p + l/z = constant. 
Consider the value of the graph at p = 20 cm; we estimate its value there to be -10 cm. 
Therefore, 1/20 + l/(-10) = 1/70 + l/z new . Thus, i nsw = -16 cm. 


45. We solve Eq. 34-9 for the image distance: 


i = 


7~~p 


p-f 


The height of the image is thus 


h t = mh p = 


fh p (75mm)(1.80m) 

h n = — = = 5.0 mm. 

V.P) P-f 27 m-0.075 m 


46. Combining Eq. 34-7 and Eq. 34-9, we have m( p -f) = -f. The graph in Fig. 34-41 
indicates that m = 2 where p = 5 cm, so our expression yields/= 10 cm. Plugging this 
back into our expression and evaluating at p = 14 cm yields m = -2.5. 


47. Using Eq. 34-9 and noting that p + i = d = 44 cm, we obtain 

p - dp + df= 0. 

Therefore, 

p = -{d±sjd 2 -4df) =22 cm±- A /(44 cm) 2 -4(44 cm)(ll cm) = 22 cm. 


48. Combining Eq. 34-7 and Eq. 34-9, we have m(p -/) = -/. The graph in Fig. 34-42 
indicates that m = 0.5 where p = 15 cm, so our expression yields/= -15 cm. Plugging 
this back into our expression and evaluating at p = 35 cm yields m = +0.30. 


49. (a) Weuse Eq. 34-10: 


/ = 

(b) From Eq. 34-9 


(n-í) 


Vi V 2j 


(1.5-D 


f \ 1 A 


yoo -20 cm j 


= +40 cm. 


i = 



1} 

-1 

[f 

PJ 



v 40 cm 40 cmy 


= oo. 


50. We recall that for a diverging (D) lens, the focal length value should be negative ( / 
= -6 cm). 

(a) Eq. 34-9 gives i = pf/(p -f) = -3.8 cm. 

(b) Eq. 34-7 give m= -i/p = +0.38. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image is on the same side as the object (see Fig. 34-16(c)). 


51. We recall that for a diverging (D) lens, the focal length value should be negative (/ 
= -12 cm). 

(a) Eq. 34-9 gives i = pf/(p -f) = -4.8 cm. 

(b) Eq. 34-7 give m= -il p= +0.60. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image is on the same side as the object (see Fig. 34-16(c)). 


52. We recall that for a converging (C) lens, the focal length value should be positive (/= 
+4 cm). 

(a) Eq. 34-9 gives i = pf/(p -f) = +5.3 cm. 

(b) Eq. 34-7 give m= -il p= -0.33. 

(c) The fact that the image distance i is a positive value means the image is real (R). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image is on the side opposite from the object (see Fig. 34-16(a)). 


53. We recall that for a converging (C) lens, the focal length value should be positive (/= 
+16 cm). 

(a) Eq. 34-9 gives i = pf/(p -f) = - 48 cm. 

(b) Eq. 34-7 give m= -il p = +4.0. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image is on the same side as the object (see Fig. 34-16(b)). 


54. We recall that for a diverging (D) lens, the focal length value should be negative ( / 
= -31 cm). 

(a) Eq. 34-9 gives i = pf/( p-f) = -8.7 cm. 

(b) Eq. 34-7 give m= -il p= +0.72. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image is on the same side as the object (see Fig. 34-16(c)). 


55. We recall that for a converging (C) lens, the focal length value should be positive (/= 
+20 cm). 

(a) Eq. 34-9 gives i = pf/(p -f) = +36 cm. 

(b) Eq. 34-7 give m= -i/p= -0.80. 

(c) The fact that the image distance is a positive value means the image is real (R). 

(d) A negative value of magnification means the image is inverted (I). 

(e) The image is on the opposite side of the object (see Fig. 34-16(a)). 


56. We recall that for a converging (C) lens, the focal length value should be positive (/= 
+35 cm). 

(a) Eq. 34-9 gives i = pf/(p -f) = -88 cm. 

(b) Eq. 34-7 give m = -il p = +3.5. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image is on the same side as the object (see Fig. 34-16(b)). 


57. We recall that for a diverging (D) lens, the focal length value should be negative ( / 
= -14 cm). 

(a) Eq. 34-9 gives i = pf/(p -f) = -8.6 cm. 

(b) Eq. 34-7 give m= -il p= +0.39. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image is on the same side as the object (see Fig. 34-16(c)). 


58. (a) A convex (converging) lens, since a real image is formed. 

(b) Since i = d-p and i/p = 1/2, 

2 d 2(40.0 cm) 

P = — = 

3 3 

(c) The focal length is 


= 26.7 cm. 


/ 


1 1 

- + — 


i i 

d/3 + 2d/3 


2d _ 2(40.0 cm) 

~9~ 9 


59. (a) Combining Eq. 34-9 and Eq. 34-10 gives i = -30 cm. 

(b) Eq. 34-7 give m= -il p= +0.86. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image it is on the same side as the object (see Fig. 34-16). 


60. (a) Combining Eq. 34-9 and Eq. 34-10 gives i = -63 cm. 

(b) Eq. 34-7 give m = -il p= +2.2. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image it is on the same side as the object (see Fig. 34-16). 


61. (a) Combining Eq. 34-9 and Eq. 34-10 gives i = +55 cm. 

(b) Eq. 34-7 give m= -il p= -0.74. 

(c) The fact that the image distance is a positive value means the image is real (R). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image is on the side opposite from the object (see Fig. 34-16). 


62. (a) Combining Eq. 34-9 and Eq. 34-10 gives i = -9.7 cm. 

(b) Eq. 34-7 give m= -il p= +0.54. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image it is on the same side as the object (see Fig. 34-16). 


63. (a) Combining Eq. 34-9 and Eq. 34-10 gives i = +84 cm. 

(b) Eq. 34-7 give m = -il p = -1.4. 

(c) The fact that the image distance is a positive value means the image is real (R). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image is on the side opposite from the object (see Fig. 34-16). 


64. (a) Combining Eq. 34-9 and Eq. 34-10 gives i = -26 cm. 

(b) Eq. 34-7 give m = -il p= +4.3. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image it is on the same side as the object (see Fig. 34-16). 


65. (a) Combining Eq. 34-9 and Eq. 34-10 gives / = -18 cm. 

(b) Eq. 34-7 give m = -il p = +0.76. 

(c) The fact that the image distance is a negative value means the image is virtual (V). 

(d) A positive value of magnification means the image is not inverted (NI). 

(e) The image it is on the same side as the object (see Fig. 34-16). 


66. (a)Eq. 34-10 yields 


/ = — ^(l/^-l/r,,) -1 =-120 cm. 


Since /< 0, this must be a diverging ("D") lens. From Eq. 34-9, we obtain 

1 1 

i = = = -9.2cm. 

X_l 1 

/ p -120 cm 10 cm 

(b) Eq. 34-6 yields m= -il p = -(-9.2 cm)/(10 cm) = +0.92. 

(c) Since i < 0, the image is virtual (V). 

(d) Since m > 0, the image is upright, or not inverted (NI). 

(e) The image it is on the same side as the object. The ray diagram would be similar to 
Fig. 34-17(c) in the textbook. 


67. (a)Eq. 34-10 yields 


/ = 


1 


(l/ii-l/r 2 ) -1 =-30 cm. 


n-l 


Since /< 0, this must be a diverging ("D") lens. From Eq. 34-9, we obtain 


1 1 


= -7.5 cm. 


i = 


111 1 


/ p -30 cm 10 cm 


(b) Eq. 34-6 yields m= -il p = -(-7.5 cm)/(10 cm) = +0.75. 

(c) Since i < 0, the image is virtual (V). 

(d) Since m > 0, the image is upright, or not inverted (NI). 

(e) The image it is on the same side as the object. The ray diagram would be similar to 
Fig. 34-17(c) in the textbook. 


68. (a) Eq. 34-10 yields / = ^(l/rç - l/r 2 y l = +30 cm. Since / > 0, this must be a 
converging ("C") lens. From Eq. 34-9, we obtain 


/ p 30 cm 10 cm 

(b) Eq. 34-6 yields m= -il p = -(-15 cm)/(10 cm) = +1.5. 

(c) Since i < 0, the image is virtual (V). 

(d) Since m > 0, the image is upright, or not inverted (NI). 

(e) The image it is on the same side as the object. The ray diagram would be similar to 
Fig. 34-17(b) in the textbook. 


69. (a) Eq. 34-7 yields i = -mp = -(0.25)(16 cm) = -4.0 cm. Eq. 34-9 gives/ = -5.3 cm, 
which implies the lens is of the diverging type (D). 

(b) From (a), we have/= -5.3 cm. 

(d) Similarly, i = -4.0 cm. 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 

(g) A positive value of magnification means the image is not inverted (NI). 

(h) The image it is on the same side as the object (see Fig. 34-16). 


70. (a) Eq. 34-7 readily yields i = +4.0 cm. Then Eq. 34-9 gives/ = +3.2 cm, which 
implies the lens is of the converging type (C). 

(b) From (a), we have/= +3.2 cm. 

(d) Similarly, i = +4.0 cm. 

(f) The fact that the image distance is a positive value means the image is real (R). 

(g) The fact that the magnification is a negative value means the image is inverted (I). 

(h) The image is on the side opposite from the object. 


71. (a) The fact that m > 1 means the lens is of the converging type (C) (it may help to 
look at Fig. 34-16 to illustrate this). 

(b) A converging lens implies/= +20 cm, with a plus sign. 

(d) Eq. 34-9 then gives i = -13 cm. 

(e) Eq. 34-7 gives m = -il p = +1.7. 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 

(g) A positive value of magnification means the image is not inverted (NI). 

(h) The image it is on the same side as the object (see Fig. 34-16). 


72. (a) The fact that m < 1 and that the image is upright (not inverted: NI) means the lens 
is of the diverging type (D) (it may help to look at Fig. 34-16 to illustrate this). 

(b) A diverging lens implies that/= -20 cm, with a minus sign. 

(d) Eq. 34-9 gives i = -5.7 cm. 

(e) Eq. 34-7 gives m = -il p = +0.71. 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 
(h) The image it is on the same side as the object (see Fig. 34-16). 


73. (a) Since/> O, this is a converging lens ("C"). 

(d) Eq. 34-9 gives 

l= l~T = — — = -10cm. 

/ p 10 cm 5.0 cm 

(e) From Eq. 34-6, m = -(-10 cm)/(5.0 cm) = +2.0. 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 

(g) A positive value of magnification means the image is not inverted (NI). 

(h) The image it is on the same side as the object (see Fig. 34-16). 


74. (a) We are told the magnification is positive and greater than 1 . Scanning the single- 
lens-image figures in the textbook (Figs. 34-16, 34-17 and 34-19), we see that such a 
magnification (which implies an upright image larger than the object) is only possible if 
the lens is of the converging ("C") type (and if p </). 

(b) We should put a plus sign in front of the "10" value given for the focal length. 

(d) Eq. 34-9 gives 

l= —=— — =-io<™. 

/ p 10 cm 5.0 cm 

(e) m = -il p = +2.0. 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 

(g) A positive value of magnification means the image is not inverted (NI). 

(h) The image it is on the same side as the object (see Fig. 34-16). 


75. (a) Eq. 34-7 readily yields i = -20 cm. Then Eq. 34-9 gives / = +80 cm, which 
implies the lens is of the converging type (C). 

(b) From (a), we have/= +80 cm. 

(d) Similarly, / = -20 cm. 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 

(g) A positive value of magnification means the image is not inverted (NI). 

(h) The image it is on the same side as the object (see Fig. 34-16). 


76. (b) Since this is a converging lens ("C") then/> 0, so we should put a plus sign in 
front of the "10" value given for the focal length. 


(d) Eq. 34-9 gives 


1 1 

>= — = — — = + 20cm 


/ p 10 cm 20 cm 

(e) From Eq. 34-6, m = -20/20 = -1.0. 

(f) The fact that the image distance is a positive value means the image is real (R). 

(g) The fact that the magnification is a negative value means the image is inverted (I). 

(h) The image is on the side opposite from the object. 


77. (a) Using Eq. 34-6 (which implies the image is inverted) and the given value of p, we 
find i = -mp = +5.0 cm; it is a real image. Eq. 34-9 then yields the focal length:/= +3.3 
cm. Therefore, the lens is of the converging ("C") type. 

(b) From (a), we have/= +3.3 cm. 

(d) Similarly, i = -mp = +5.0 cm. 

(f) The fact that the image distance is a positive value means the image is real (R). 

(g) The fact that the magnification is a negative value means the image is inverted (I). 

(h) The image is on the side opposite from the object. The ray diagram would be similar 
to Fig. 34-17(a) in the textbook. 


78. (a) We are told the absolute value of the magnification is 0.5 and that the image was 
upright (NI). Thus, m = +0.5. Using Eq. 34-6 and the given value of p, we find i = -5.0 
cm; it is a virtual image. Eq. 34-9 then yields the focal length:/= -10 cm. Therefore, the 
lens is of the diverging ("D") type. 

(b) From (a), we have/= -10 cm. 

(d) Similarly, i = -5.0 cm. 

(e) m = +0.5, with a plus sign 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 


(h) The image it is on the same side as the object (see Fig. 34-16). 


79. (a) We are told the magnification is less than 1, and we note that p < \f\). Scanning 
Figs. 34-16, 34-17 and 34-19, we see that such a magnification (which implies an image 
smaller than the object) and object position (being fairly close to the lens) are 
simultaneously possible only if the lens is of the diverging ("D") type. 

(b) Thus, we should put a minus sign in front of the "10" value given for the focal length. 

(d) Eq. 34-9 gives 

1 1 

l= l~T = — ^-3-3cm. 

/ p -10 cm 5.0 cm 

(e) m = -í'/p = +0.67. 

(f) The fact that the image distance i is a negative value means the image is virtual (V). 


(g) A positive value of magnification means the image is not inverted (NI). 


80. (a) The image from lens 1 (which has/i = -6 cm) is at z\ = -3.4 cm (by Eq. 34-9). 
This serves as an "object" for lens 2 (which has/ 2 = +6 cm) with p 2 = d - i\ = 15.4 cm. 
Then Eq. 34-9 (applied to lens 2) yields i 2 = +9.8 cm. 

(b) Eq. 34-1 1 yields M = -0.27. 

(c) The fact that the (final) image distance is a positive value means the image is real (R). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image it is on the side opposite from the object (relative to lens 2). 


81. (a) The image from lens 1 (which has f\ = +9 cm) is at U = 16.4 cm (by Eq. 34-9). 
This serves as an "object" for lens 2 (which has/ 2 = +5 cm) with p 2 = d - i\ = -8.4 cm. 
Then Eq. 34-9 (applied to lens 2) yields i 2 = +3.1 cm. 

(b) Eq. 34-11 yieldsM = mim 2 =(-iJ p x )(-i 2 l p 2 ) = i 1 i 2 / p 1 p 2 = -0.3l. 

(c) The fact that the (final) image distance is a positive value means the image is real (R). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image it is on the side opposite from the object (relative to lens 2). Since this 
result involves a negative value for p 2 (and perhaps other "non-intuitive" features), we 
offer a few words of explanation: lens 1 is converging the rays towards an image (that 
never gets a chance to form due to the intervening presence of lens 2) that would be real 
and inverted (and 8.4 cm beyond lens 2's location). Lens 2, in a sense, just causes these 
rays to converge a little more rapidly, and causes the image to form a little closer (to the 
lens system) than if lens 2 were not present. 


82. (a) The image from lens 1 (which has/i = +8 cm) is at z\ = +24 cm (by Eq. 34-9). This 
serves as an "object" for lens 2 (which has f 2 = -8 cm) with p 2 = d - i\ = 6 cm. Then Eq. 
34-9 (applied to lens 2) yields i 2 = -3.4 cm. 

(b) Eq. 34-11 yields M = -1.1. 

(c) The fact that the (final) image distance is negative means the image is virtual (V). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image it is on the same side as the object (relative to lens 2). 


83. (a) The image from lens 1 (which has/i = +8 cm) is at z\ = 24 cm (by Eq. 34-9). This 
serves as an "object" for lens 2 (which has/ 2 = +6 cm) with p 2 = d - z'] = 8 cm. Then Eq. 
34-9 (applied to lens 2) yields i 2 = +24 cm. 

(b) Eq. 34-11 yields M = mim 2 =(-i i I Pi)(—i 2 1 P 2 ) = hh I PiP 2 =+6.0. 

(c) The fact that the (final) image distance is a positive value means the image is real (R). 

(d) The fact that the magnification is positive means the image is not inverted (NI). 

(e) The image it is on the side opposite from the object (relative to lens 2). 


84. (a) The image from lens 1 (which has/i = +15 cm) is at z\ = -30 cm (by Eq. 34-9). 
This serves as an "object" for lens 2 (which has f 2 = +8 cm) with p 2 = d - i\ = 40 cm. 
Then Eq. 34-9 (applied to lens 2) yields i 2 = +10 cm. 

(b) Eq. 34-11 yields M= m^m 2 =(—i 1 1 P\)(-i 2 1 P 2 ) = hh I PiP 2 = -0.75. 

(c) The fact that the (final) image distance is a positive value means the image is real (R). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image it is on the side opposite from the object (relative to lens 2). 


85. (a) The image from lens 1 (which has/i = -12 cm) is at z\ = -7.5 cm (by Eq. 34-9). 
This serves as an "object" for lens 2 (which has/ 2 = -8 cm) with 

p 2 = d-i l = 17.5 cm. 

Then Eq. 34-9 (applied to lens 2) yields i 2 = -5.5 cm. 

(b) Eq. 34-11 yields M = +0.12. 

(c) The fact that the (final) image distance is negative means the image is virtual (V). 

(d) The fact that the magnification is positive means the image is not inverted (NI). 

(e) The image it is on the same side as the object (relative to lens 2). 


86. (a) The image from lens 1 (which has/i = +12 cm) is at i\ = +60 cm (by Eq. 34-9). 
This serves as an "object" for lens 2 (which has/ 2 = +10 cm) with p 2 = d - i\ = 1 cm. 
Then Eq. 34-9 (applied to lens 2) yields i 2 = -23 cm. 

(b) Eq. 34-11 yields M = mim 2 =(-i i I Pi)(~i 2 1 Pi) = hh I P\Pi = ~^- 

(c) The fact that the (final) image distance is negative means the image is virtual (V). 

(d) The fact that the magnification is a negative value means the image is inverted (I). 

(e) The image it is on the same side as the object (relative to lens 2). 


87. (a) The image from lens 1 (which has/i = +6 cm) is at i x = -12 cm (by Eq. 34-9). This 
serves as an "object" for lens 2 (which has/ 2 = -6 cm) with p 2 = d - i\ = 20 cm. Then Eq. 
34-9 (applied to lens 2) yields i 2 = -4.6 cm. 

(b) Eq. 34-11 yields M = +0.69. 

(c) The fact that the (final) image distance is negative means the image is virtual (V). 

(d) The fact that the magnification is positive means the image is not inverted (NI). 

(e) The image it is on the same side as the object (relative to lens 2). 


88. The minimum diameter of the eyepiece is given by 

d ob 75 mm 

a = = = 2.1 mm. 

m e 36 


= 5.23 cm. 


89. (a) If L is the distance between the lenses, then according to Fig. 34-20, the tube 
length is 

s = L -/ ob -/ ey = 25.0 cm - 4.00 cm - 8.00 cm = 13.0 cm. 

(b) We solve (l/p) + (l/z) = (l// 0 b) for p. The image distance is 

i=f ob + s = 4.00 cm + 13.0 cm = 17.0 cm, 

so 

if ob _ (l7.0cm)(4.00cm) 
P i-f ob 17.0 cm -4.00 cm 

(c) The magnification of the objective is 

i 17.0 cm 

m = = = -3.25. 

p 5.23 cm 

(d) The angular magnification of the eyepiece is 

25 cm 25 cm 

= 3.13. 


4 8.00 cm 
(e) The overall magnification of the microscope is 

M = mm g = (-3.25)(3.13) = -10.2. 


90. We refer to Fig. 34-20. For the intermediate image p = 10 mm and 
i = (fob + s + f ey ) -f ey = 300 m - 50 mm = 250 mm, 


so 


1 1 1 1 1 r cr^ 

■ = - + - = + =^/ ob = 9.62 mm, 


/ ob i p 250 mm 10 mm 


and 


s = (fob + s + fey) -f 0 b -fey = 300 mm - 9.62 mm - 50 mm = 240 mm. 


Then from Eq. 34-14, 


M = 


s 25 cm 


240 mm 
9.62 mm 


150 mm 


v 50 mm j 


= -125. 


91. (a) Without the magnifier, 6= hlP n (see Fig. 34-19). With the magnifier, letting i = - 
1/1 = - P n , we obtain 


Consequently, 


1 _ 1 _ 1 _ 1 1 _ 1 1 

~p~7~~í~7 + Y\~7 + ~p„ 


6' hl p 1// + 1/P , P , 25cm 

m, = — = — = — - = 1 + — = 1 + . 

(9 1/P„ / / 


With/= 10 cm, m g =l + — — = 3.5 

lOcm 


(b) In the case where the image appears at infinity, let / = — I / 1 — > — oo , so that 
1/ p + \li = \l p = \l f , we have 

_&_ _ hlp _ l/f _P n _ 25cm 

m °~ e~ hip~\ip~ f~ f 


With/= 10 cm, 


92. (a) Now, the lens-film distance is 


i = 


J__j_ 
J~~P 


y 5.0 cm 100 cm j 


= 5.3 cm. 


(b) The change in the lens-film distance is 5.3 cm - 5.0 cm = 0.30 cm. 


93. (a) When the eye is relaxed, its lens focuses far-away objects on the retina, a distance 
i behind the lens. We set p = co in the thin lens equation to obtain l/i = l/f, where/is the 
focal length of the relaxed effective lens. Thus, i = f= 2.50 cm. When the eye focuses on 
closer objects, the image distance i remains the same but the object distance and focal 
length change. If p is the new object distance and / ' is the new focal length, then 

1 I__L 

We substitute i = /and solve for / ': 


pf _ (40.0 cm)(2.50 cm) 


f + p 40.0 cm + 2.50 cm 


= 2.35 cm. 


(b) Consider the lens maker' s equation 

1 


/ 


= (n-l) 


( l 1^ 


V 1 r 2j 


where r\ and r 2 are the radii of curvature of the two surfaces of the lens and n is the index 
of refraction of the lens material. For the lens pictured in Fig. 34-45, r\ and r 2 have about 
the same magnitude, r\ is positive, and r 2 is negative. Since the focal length decreases, the 
combination (l/n) - (Uri) must increase. This can be accomplished by decreasing the 
magnitudes of both radii. 


94. By Eq. 34-9, l/i + l/p is equal to constant (1//). Thus, 

l/(-10) + 1/(15) = l// new + 1/(70). 

This leads to L ew = -21 cm. 


95. (a) The "object" for the mirror which results in that box-image is equally in front of 
the mirror (4 cm). This object is actually the first image formed by the system (produced 
by the first transmission through the lens); in those terms, it corresponds to i\ = 10 - 4 = 
6 cm. Thus, with/i = 2 cm, Eq. 34-9 leads to 

— + — = — =>/?! = 3.00 cm. 
P\ h fi 

(b) The previously mentioned box-image (4 cm behind the mirror) serves as an "object" 
(at /?3 = 14 cm) for the return trip of light through the lens (fy =f\ = 2 cm). This time, Eq. 
34-9 leads to 

h — = — =>z 3 = 2.33 cm. 

Pt, h fi 


96. (a) In the closest mirror Mi, the "first" image I\ is 10 cm behind Mi and therefore 
20 cm from the object O. This is the smallest distance between the object and an image 
of the object. 

(b) There are images from both O and h in the more distant mirror, M 2 : an image h 
located at 30 cm behind M2. Since O is 30 cm in front of it, h is 60 cm from O. This is 
the second smallest distance between the object and an image of the object. 

(c) There is also an image ^3 which is 50 cm behind M2 (since li is 50 cm in front of it). 
Thus, I3 is 80 cm from O. In addition, we have another image I4 which is 70 cm behind 
Mi (since h is 70 cm in front of it). The distance from I 4 to O for is 80 cm. 


(d) Returning to the closer mirror Mi, there is an image h which is 90 cm behind the 
mirror (since h is 90 cm in front of it). The distances (measured from O) for I 5 is 100 cm 
= 1.0 m. 


97. (a) Parallel rays are bent by positive-/ lenses to their focal points F\, and rays that 
come from the focal point positions F 2 in front of positive-/ lenses are made to emerge 
parallel. The key, then, to this type of beam expander is to have the rear focal point F\ of 
the first lens coincide with the front focal point F 2 of the second lens. Since the triangles 
that meet at the coincident focal point are similar (they share the same angle; they are 
vertex angles), then W/f 2 = W/i follows immediately. Substituting the values given, we 
have 

w = A W . = 30 -° ° m (2.5 mm) = 6.0 mm. 
i / ' 12.5 cm 

(b) The area is proportional to W . Since intensity is defined as power P divided by area, 
we have 

Á 


/, P/W* wj fl f 


/,. =1.6kW/m 2 


(c) The previous argument can be adapted to the first lens in the expanding pair being of 
the diverging type, by ensuring that the front focal point of the first lens coincides with 
the front focal point of the second lens. The distance between the lenses in this case is 


f 2 - \fi\ = 30.0 cm - 26.0 cm = 4.0 cm. 


98. (a) First, the lens forms a real image of the object located at a distance 


J__J_ 
,/i P\ 


1 1 


fi 2 /i 


= 2/, 


to the right of the lens, or at 

p 2 = 2(/i+/ 2 )-2/i = 2/ 2 
in front of the mirror. The subsequent image formed by the mirror is located at a distance 


J 1_ 

fi Pi 


1 1 


V fi 2/ 2 J 


= 2/ 2 


to the left of the mirror, or at 


p\ = 2(f l +f 2 )-2f 2 = 2f í 


to the right of the lens. The final image formed by the lens is at a distance i\ to the left of 
the lens, where 


_L__L 


1 1 


fi 2 A 


= 2/,. 


This turns out to be the same as the location of the original object. 
(b) The lateral magnification is 


m = 


( : A 


l PlJ 


( ■ A 


V P2J 


( v \ 


\ PiJ 


2A 
2/: 


V 2/ 2 y 


2/: 


= -1.0. 


(c) The final image is real (R). 

(d) It is at a distance i\ to the left of the lens, 

(e) and inverted (I), as shown in the figure below. 



99. (a) The first image is figured using Eq. 34-8, with ti\ = 1 (using the rounded-off value 
for air) and n 2 = 8/5. 

1 8 _ 1.6-1 
p 5i r 


For a "flat lens" r = qo, so we obtain 


i = - Sp/5 = - 64/5 


(with the unit cm understood) for that object at p = 10 cm. Relative to the second surface, 
this image is at a distance of 3 + 64/5 = 79/5. This serves as an object in order to find the 
final image, using Eq. 34-8 again (and r = qo) but with n\ = 8/5 and n 2 = 4/3. 


5p' 3T 


which produces (forp' = 79/5) 


i' = -5p/6 = -79/6*- 13.2. 


This means the observer appears 13.2 + 6.8 = 20 cm from the fish. 

(b) It is straightforward to "reverse" the above reasoning, the result being that the final 
fish-image is 7.0 cm to the right of the air-wall interface, and thus 15 cm from the 
observer. 


100. (a) There are three images. Two are formed by single reflections from each of the 
mirrors and the third is formed by successive reflections from both mirrors. The positions 
of the images are shown on the two diagrams that follow. 



O O 


The diagram on the left shows the image I\, formed by reflections from the left-hand 
mirror. It is the same distance behind the mirror as the object O is in front, and lies on the 
line perpendicular to the mirror and through the object. Image I 2 is formed by light that is 
reflected from both mirrors. We may consider h to be the image of I\ formed by the 
right-hand mirror, extended. I 2 is the same distance behind the line of the right-hand 
mirror as h is in front and it is on the line that is perpendicular to the line of the mirror. 
The diagram on the right shows image h, formed by reflections from the right-hand 
mirror. It is the same distance behind the mirror as the object is in front, and lies on the 
line perpendicular to the mirror and through the object. As the diagram shows, light that 
is first reflected from the right-hand mirror and then from the left-hand mirror forms an 
image at I 2 . 

(b) For 0 = 45°, we have two images in the second mirror caused by the object and its 
"first" image, and from these one can construct two new images / and /' behind the first 
mirror plane. Extending the second mirror plane, we can find two further images of / and 
/' which are on equal sides of the extension of the first mirror plane. This circumstance 
implies there are no further images, since these final images are each other's "twins." We 
show this construction in the figure below. Summarizing, we find 1 + 2 + 2 + 2 = 7 
images in this case. 



(c) For 6 = 60°, we have two images in the second mirror caused by the object and its 
"first" image, and from these one can construct two new images / and /' behind the first 
mirror plane. The images / and /' are each other's "twins" in the sense that they are each 
other's reflections about the extension of the second mirror plane; there are no further 
images. Summarizing, we find 1 + 2 + 2 = 5 images in this case. 

For 6= 120°, we have two images I\ and I 2 behind the extension of the second mirror 
plane, caused by the object and its "first" image (which we refer to here as h). No further 
images can be constructed from I\ and I 2 , since the method indicated above would place 
any further possibilities in front of the mirrors. This construction has the disadvantage of 
deemphasizing the actual ray-tracing, and thus any dependence on where the observer of 
these images is actually placing his or her eyes. It turns out in this case that the number of 
images that can be seen ranges from 1 to 3, depending on the locations of both the object 
and the observer. 

(d) Thus, the smallest number of images that can be seen is 1. For example, if the 
observer' s eye is collinear with h and I\, then the observer can only see one image (I\ 
and not the one behind it). Note that an observer who stands close to the second mirror 
would probably be able to see two images, I\ and I 2 . 

(e) Similarly, the largest number would be 3. This happens if the observer moves further 
back from the vertex of the two mirrors. He or she should also be able to see the third 
image, I\, which is essentially the "twin" image formed from I\ relative to the extension 
of the second mirror plane. 


101. We refer to Fig. 34-2 in the textbook. Consider the two light rays, r and r\ which are 
closest to and on either side of the normal ray (the ray that reverses when it reflects). 
Each of these rays has an angle of incidence equal to 6 when they reach the mirror. 
Consider that these two rays reach the top and bottom edges of the pupil after they have 
reflected. If ray r strikes the mirror at point A and ray r' strikes the mirror at B, the 
distance between A and B (call it x) is 


x = 2d a tan 6 


where d 0 is the distance from the mirror to the object. We can construct a right triangle 
starting with the image point of the object (a distance d 0 behind the mirror; see / in Fig. 
34-2). One side of the triangle follows the extended normal axis (which would reach from 
/ to the middle of the pupil), and the hypotenuse is along the extension of ray r (after 
reflection). The distance from the pupil to / is d ey + d 0 , and the small angle in this triangle 
is again 6. Thus, 

R 


tan# = 


d +d 

^ey "o 


where R is the pupil radius (2.5 mm). Combining these relations, we find 

R , x 2.5 mm 

x = 2d l} = 2(100 mm) 


°d ey +d 0 v ^OOmm + lOOmm 


which yields x = 1.67 mm. Now, x serves as the diameter of a circular area A on the 
mirror, in which ali rays that reflect will reach the eye. Therefore, 


A = — Kx 2 = —(1.67 mm) 2 =2.2 mm 2 . 
4 4 V ; 


102. We use Eq. 34-10, with the conventions for signs discussed in §34-6 and §34-7. 
(a) For lens 1, the bi-convex (or double convex) case, we have 


/ = 


(n-1) 


f \ 1 A 


V r i r 2j 


(1.5-1) 


1 


1 


40 cm -40 cm 


= 40 cm. 


(b) Since/> 0 the lens forms a real image of the Sun. 

(c) For lens 2, of the planar convex type, we find 


/ = 


(1.5-1) 


1 


1 


oo -40 cm 


= 80cm. 


(d) The image formed is real (since/> 0). 

(e) Now for lens 3, of the meniscus convex type, we have 


(1.5-1) 


1 


1 


-i-i 


40cm 60cm 


= 240cm = 2.4 m. 


(f) The image formed is real (since/> 0). 

(g) For lens 4, of the bi-concave type, the focal length is 


/ = 


(1.5-1) 


1 


1 


v -40cm 40cm j 


= -40 cm. 


(h) The image formed is virtual (since/< 0). 

(i) For lens 5 (plane-concave), we have 


/ = 


(1.5-1) 


1 


1 


co 40 cm 


= -80cm. 


(j) The image formed is virtual (since/< 0). 
(k) For lens 6 (meniscus concave), 


/ = 


(1.5-1) 


1 


1 


60cm 40cm 


= -240cm = -2.4 m. 


(1) The image formed is virtual (since/< 0). 


103. For a thin lens, (l/p) + (l/z) = (1//), where p is the object distance, i is the image 
distance, and/is the focal length. We solve for i: 


p-f 

Let p =f+x, where x is positive if the object is outside the focal point and negative if it 
is inside. Then, 

f = /(/+*) 
x 

Now let i =f+x', where x' is positive if the image is outside the focal point and negative 
if it is inside. Then, 

, = ,_ / = /<£±*- / = /l 

x x 

and xx' =f 2 . 


104. For an object in front of a thin lens, the object distance p and the image distance i are 
related by (l/p) + (l/i) = (l/f), where/is the focal length of the lens. For the situation 
described by the problem, ali quantities are positive, so the distance x between the object 
and image is x = p + i. We substitute i = x-p into the thin lens equation and solve for x: 


p-f 

To find the minimum value of x, we set dxldp = 0 and solve for p. Since 

dx = p(p-2f) 
dp (p-ff ' 

the result is p = 2f. The minimum distance is 

x =^=^£L =4f 

min f- r\ r r J ' 

p-f 2f-f 


This is a minimum, rather than a maximum, since the image distance i becomes large 
without bound as the object approaches the focal point. 


105. We place an object far away from the composite lens and find the image distance i. 
Since the image is at a focal point, i = f, where / equals the effective focal length of the 
composite. The final image is produced by two lenses, with the image of the first lens 
being the object for the second. For the first lens, (1/pO + (1/z'i) = (Vfi), where /i is the 
focal length of this lens and i\ is the image distance for the image it forms. Since p x = ao, 
i\ =/i. The thin lens equation, applied to the second lens, is (l/p 2 ) + (l/z'2) = (\lfi), where 
p 2 is the object distance, i 2 is the image distance, and/ 2 is the focal length. If the thickness 
of the lenses can be ignored, the object distance for the second lens is p 2 = The 
negative sign must be used since the image formed by the first lens is beyond the second 
lens if z'i is positive. This means the object for the second lens is virtual and the object 
distance is negative. If z'i is negative, the image formed by the first lens is in front of the 
second lens and p 2 is positive. In the thin lens equation, we replace p 2 with -fi and i 2 with 
fio obtain 

_L J___L 

or 

1 = 1 , 1 = /!+/ 2 
/ fi fl flfl 

Thus, 

fx+fi' 


106. (a) If the object distance is x, then the image distance is D - x and the thin lens 
equation becomes 

1 1 1 

■ + - 


x D- x f 


We multiply each term in the equation by fx(D - x) and obtain x - Dx + Df= 0. Solving 
for x, we find that the two object distances for which images are formed on the screen are 


x x = 


The distance between the two object positions is 

d = x 2 -x l =^D(D-4f). 

(b) The ratio of the image sizes is the same as the ratio of the lateral magnifications. If the 
object is at p = x\, the magnitude of the lateral magnification is 


raJ 


/j _ D-x x 


Now x x =j(D-d), where d = ^D(D- /), so 


raJ = 


D-(D-d)/2 D + d 
(D-d)/2 ~ D-d 


Similarly, when the object is at X2, the magnitude of the lateral magnification is 
| i_/ 2 _ D-x 2 _ D-(D + d)/2 _ D-d 


Pl X 2 


(D + d)/2 D + d 


The ratio of the magnifications is 


mi _(D-d)l(D + d) (D-d} 

D + d 


m 1 (D + d)/(D-d) 


107. (a) In this case m > +1 and we know that lens 1 is converging (producing a virtual 
image), so that our result for focal length should be positive. Since 
\P + i\\ = 20 cm and i\ = - 2p\, we find p\ = 20 cm and h = - 40 cm. Substituting these 
into Eq. 34-9, 

— + -- — 

Pi h fi 

leads to f\ = +40 cm, which is positive as we expected. 

(b) The object distance is p\ = 20 cm, as shown in part (a). 

(c) In this case 0 < m < 1 and we know that lens 2 is diverging (producing a virtual 
image), so that our result for focal length should be negative. Since \p + 12I = 20 cm and 
Í2 = - P2/2, we find p 2 = 40 cm and z'2 = - 20 cm. Substituting these into Eq. 34-9 leads to 
f 2 = - 40 cm, which is negative as we expected. 


(d) p 2 = 40 cm, as shown in part (c). 


108. Setting = 1, n water = n, and p = r/2 in Eq. 34-8 (and being careful with the sign 
convention for r in that equation), we obtain i = -r/(l + n), or \i\ = rlil + n). Then we use 
similar triangles (where h is the size of the fish and h ' is that of the "virtual fish") to set 
up the ratio 

h' _ _h_ 
r-\i\ ~ r/2 ' 

Using our previous result for l/l, this gives h'/h = 2(1 - 1/(1 + «)) = 1.14. 


109. (a) Our first step is to form the image from the first lens. With p\ = 10 cm and 
/j = -15 cm , Eq. 34-9 leads to 

— + — = — => z^-ó.Ocm. 
Px h fi 

The corresponding magnification is m\ = -i\lp\ = 0.60. This image serves the role of 
"object" for the second lens, with p 2 = 12 + 6.0 = 18 cm, and/2 = 12 cm. Now, Eq. 34-9 
leads to 

h— = — => z 2 =36cm. 

Pi h fi 

(b) The corresponding magnification is m 2 = -zVp2 = -2.0, which results in a net 
magnification of m = mim 2 = -1.2. The height of the final image is (in absolute value) 
(1.2)(1.0cm) = 1.2 cm. 

(c) The fact that i 2 is positive means that the final image is real. 

(d) The fact that m is negative means that the orientation of the final image is inverted 
with respect to the (original) object. 


1 10. (a) Without the diverging lens (lens 2), the real image formed by the converging lens 
(lens 1) is located at a distance 


h = 


1 _ 1 

fi Pi 


1 


1 


v 20 cm 40 cm j 


= 40 cm 


to the right of lens 1. This image now serves as an object for lens 2, with p 2 = -(40 cm 
10 cm) = -30 cm. So 


J_ J_ 

fi Pi 


1 


1 


-15cm -30cm 


= -30 cm. 


Thus, the image formed by lens 2 is located 30 cm to the left of lens 2. 

(b) The magnification is m = (-i\lp\) x (-i 2 /p2) = +1.0 > 0, so the image is not inverted. 

(c) The image is virtual since i 2 < 0. 

(d) The magnification is m = (-z'i/pi) x (-i 2 /p2) = +1.0, so the image has the same size as 
the object. 


1 1 1 . (a) For the image formed by the first lens 


1 1_ 


V 1 


v 10cm 20cmy 


= 20 cm. 


For the subsequent image formed by the second lens p2 = 30 cm - 20 cm = 10 cm, so 


J_ J_ 
fi Pi) 


1 


1 


12.5cm lOcm 


= -50 cm. 


Thus, the final image is 50 cm to the left of the second lens, which means that it coincides 
with the object. 


(b) The magnification is 


( : A 


m = 


( : A 


KPiJ 


20 cm 


v 20cm j 


-50cm A 
v lOcm j 


= -5.0, 


which means that the final image is five times larger than the original object. 

(c) The image is virtual since i 2 < 0. 

(d) The image is inverted since m < 0. 


112. (a) We solve Eq. 34-9 for the image distance i: i = pf/(p -f). The lens is diverging, 
so its focal length is/= -30 cm. The object distance is p = 20 cm. Thus, 

(20 cm¥-30cm) 

i = ^ = -12 cm. 

(20 cm) -(-30 cm) 


The negative sign indicates that the image is virtual and is on the same side of the lens as 
the object. 

(b) The ray diagram, drawn to scale, is shown below. 





Á 



FOI 



lens 


1 13. A converging lens has a positive-valued focal length, so /i = +8 cm, f 2 = +6 cm, and 
f 3 = +6 cm. We use Eq. 34-9 for each lens separately, "bridging the gap" between the 
results of one calculation and the next with p 2 = d n - i\ and p 3 = d 23 - i 2 . We also use 
Eq. 34-7 for each magnification (m, etc), and m = m x m 2 m 3 (a generalized version of Eq. 
34-11) for the net magnification of the system. Our intermediate results for image 
distances are i\ = 24 cm and i 2 = -12 cm. Our final results are as follows: 

(a) i 3 = +8.6 cm. 

(b) m= +2.6. 

(c) The image is real (R). 

(d) The image is not inverted (NI) 

(e) It is on the opposite side of lens 3 from the object (which is expected for a real final 
image). 


114. A converging lens has a positive-valued focal length, and a diverging lens has a 
negative-valued focal length. Therefore, /i = +6.0 cm, f 2 = - 4.0 cm, and / 3 = -12 cm . 
We use Eq. 34-9 for each lens separately, "bridging the gap" between the results of one 
calculation and the next with p 2 = d l2 - i\ and p 3 = d 2 3 - ii- We also use Eq. 34-7 for 
each magnification (mi etc), and m = m l m 2 m 3 (a generalized version of Eq. 34-11) for 
the net magnification of the system. Our intermediate results for image distances are i\ 
= -12 cm and i 2 = -3.33 cm. Our final results are as follows: 

(a) z 3 = - 5.15 cm «- 5.2 cm . 

(b) m = +0.285 * +0.29. 

(c) The image is virtual (V). 

(d) The image is not inverted (NI). 

(e) It is on the same side as the object (relative to lens 3) as expected for a virtual image. 


115. A converging lens has a positive-valued focal length, so fi = +6.0 cm, f 2 = +3.0 cm, 
and / 3 = +3.0 cm. We use Eq. 34-9 for each lens separately, "bridging the gap" between 
the results of one calculation and the next with p 2 = d n - h and p 3 = d 23 - i 2 . We also 
use Eq. 34-7 for each magnification (mi etc), and m = m x m^j, (a generalized version of 
Eq. 34-11) for the net magnification of the system. Our intermediate results for image 
distances are i\ = 9.0 cm and i 2 = 6.0 cm. Our final results are as follows: 

(a) i 3 = +7.5 cm. 

(b) m = -0.75. 

(c) The image is real (R). 

(d) The image is inverted (I). 

(e) It is on the opposite side of lens 3 from the object (which is expected for a real final 
image). 


116. A converging lens has a positive- valued focal length, and a diverging lens has a 
negative-valued focal length. Therefore, f\= - 6.0 cm, f 2 = +6.0 cm, and / 3 = +4.0 cm. 
We use Eq. 34-9 for each lens separately, "bridging the gap" between the results of one 
calculation and the next with p 2 = d n - h and p 3 = d 23 - i 2 . We also use Eq. 34-7 for 
each magnification (mi etc), and m = mim 2 m 3 (a generalized version of Eq. 34-11) for 
the net magnification of the system. Our intermediate results for image distances are i\ 
= -2.4 cm and i 2 = 12 cm. Our final results are as follows: 

(a) U = - 4.0 cm. 

(b) m = -1.2. 

(c) The image is virtual (V). 

(d) The image is inverted (I). 

(e) It is on the same side as the object (relative to lens 3) as expected for a virtual image. 


117. A converging lens has a positive-valued focal length, and a diverging lens has a 
negative-valued focal length. Therefore, /i = - 8.0 cm, f 2 = - 16 cm, and f 3 = +8.0 cm. 
We use Eq. 34-9 for each lens separately, "bridging the gap" between the results of one 
calculation and the next with p 2 = d l2 - i\ and p 3 = d 23 - ii- We also use Eq. 34-7 for 
each magnification (mi etc), and m = m 1 m 2 m 3 (a generalized version of Eq. 34-11) for 
the net magnification of the system. Our intermediate results for image distances are i\ 
= -4.0 cm and i 2 = -6.86 cm. Our final results are as follows: 

(a) i 3 = +24.2 cm. 

(b) m = -0.58. 

(c) The image is real (R). 

(d) The image is inverted (I). 

(e) It is on the opposite side of lens 3 from the object (as expected for a real image). 


118. A converging lens has a positive-valued focal length, so/i = +6.0 cm, f 2 = +6.0 cm, 
and / 3 = +5.0 cm. We use Eq. 34-9 for each lens separately, "bridging the gap" between 
the results of one calculation and the next with p 2 = d l2 - i\ and p 3 = d 23 - i 2 . We also use 
Eq. 34-7 for each magnification (m x etc), and m = m 1 m 2 m 3 (a generalized version of Eq. 
34-11) for the net magnification of the system. Our intermediate results for image 
distances are i\ = -3.0 cm and i 2 = 9.0 cm. Our final results are as follows: 

(a) z 3 = +10 cm. 

(b) m= +0.75. 

(c) The image is real (R). 

(d) The image is not inverted (NI). 

(e) It is on the opposite side of lens 3 from the object (which is expected for a real final 
image). 


1 19. (a) Suppose that the lens is placed to the left of the mirrar. The image formed by the 
converging lens is located at a distance 


f \ l vl f 


i = 


f P 


1 


1 


0.50 m 1.0 m 


= 1.0m 


to the right of the lens, or 2.0 m - 1.0 m = 1.0 m in front of the mirrar. The image formed 
by the mirrar for this real image is then at 1.0 m to the right of the the mirrar, or 2.0 m + 
1.0 m = 3.0 m to the right of the lens. This image then results in another image formed by 
the lens, located at a distance 


i = 


j__J_ 

7 7 


i 


i 


v 0.50m 3.0m y 


= 0.60m 


to the left of the lens (that is, 2.6 cm frorn the mirrar), 
(b) The lateral magnification is 


m - 


f ■ \ 


\ PJ 


V P'J 


1.0 m 
1.0 m 


0.60 m 
3.0 m 


= +0.20 


(c) The final image is real since V > 0. 

(d) The image is to the left of the lens. 


(e) It also has the same orientation as the object since m > 0. Therefore, the image is not 
inverted. 


120. (a) We use Eq. 34-8 (and Fig. 34-12(b) is useful), with ri\ = 1 (using the rounded-off 
value for air) and n 2 = 1.5. 

1 1.5 _ 15-1 

p i r 

Using the sign convention for r stated in the paragraph following Eq. 34-8 (so that r = 
+6.0 cm), we obtain i = -90 cm for objects at p = 10 cm. Thus, the object and image are 
80 cm apart. 

(b) The image distance i is negative with increasing magnitude as p increases from very 
small values to some value p 0 at which point i — > -qo. Since l/(-oo) = 0, the above 
equation yields 

1 1.5-1 

— = => P Q =2r. 

Po r 


Thus, the range for producing virtual images is 0 < p < 12 cm. 


121. (a) Suppose one end of the object is a distance p from the mirror and the other end is 
a distance p + L. The position i\ of the image of the first end is given by 


1 + 1-1 
P h f 


where/is the focal length of the mirror. Thus, 


h = ■ 


p-f 


The image of the other end is located at 


f{p + L) 
P + L-f 


so the length of the image is 


L' = z'j - i 2 = 


fP f{P + L) 


f 2 L 


p-f p + L-f (p-f)( p + L-f) 


Since the object is short compared to p -f, we may neglect the L in the denominator and 
write 


L' = L 


p-f 


(b) The lateral magnification is m = -i/p and since i = fp/(p -f), this can be written m 
= -f/(p -f). The longitudinal magnification is 


m 


KP-fj 


= m 


122. The water is médium 1, so n\ = n w which we simply write as n. The air is médium 2, 
for which n,2 ~ 1 . We refer to points where the light rays strike the water surface as A (on 
the left side of Fig. 34-57) and B (on the right side of the picture). The point midway 
between A and B (the center point in the picture) is C. The penny P is directly below C, 
and the location of the "apparent" or Virtual penny is V. We note that the angle ZCVB 
(the same as ZCVA ) is equal to 62, and the angle ZCPB (the same as ZCPA ) is equal to 
6\. The triangles CVB and CPB share a common side, the horizontal distance from C to B 
(which we refer to as x). Therefore, 

X X 

tan 0 0 = — and tan 6, = — . 

d a 1 d 

Using the small angle approximation (so a ratio of tangents is nearly equal to a ratio of 
sines) and the law of refraction, we obtain 

x 

tan 0 n sin 0~ d„ n, d 

í- => — => xn 

tan 0 l sin 0 1 A n 2 d a 

d 


which yields the desired relation: d a = d/n. 


123. Consider a single ray from the source to the mirror and let 0 be the angle of 
incidence. The angle of reflection is also 0 and the reflected ray makes an angle of 26 
with the incident ray. 



Now we rotate the mirror through the angle a so that the angle of incidence increases to 6 
+ a. The reflected ray now makes an angle of 2(6 + a) with the incident ray. The 
reflected ray has been rotated through an angle of 2a. If the mirror is rotated so the angle 
of incidence is decreased by «, then the reflected ray makes an angle of 2(6- d) with the 
incident ray. Again it has been rotated through 2a. The diagrams below show the 
situation for a = 45°. The ray from the object to the mirror is the same in both cases and 
the reflected rays are 90° apart. 


124. The fact that it is inverted implies m < 0. Therefore, with m = -1/2, we have i = p/2, 
which we substitute into Eq. 34-4: 


111 12 1 

— + - = — => — + — = — 

P i f P P f 

or 

3 j_ 
30.0 cm"/' 

Consequently, we find/= (30.0 cm)/3 = 10.0 cm. The fact that/> 0 implies the mirror is 
concave. 


125. (a) The mirror has focal length/ = 12.0 cm. With m = +3, we have i = -3p. We 
substitute this into Eq. 34-4: 

111 11 1 

- + - = — => — + - 


p i f p -3p 12cm 

or 

2 1 


3p 12 cm 

Consequently, we find p = 2(12 cm)/3 = 8.0 cm. 

(b) With m = -3, we have i = +3p, which we substitute into Eq. 34-4: 

111 111 

— + - = — => — + — = — 
p i f p 3p 12 

or 

4 1 


3p 12 cm 

Consequently, we find p = 4(12 cm)/3 =16 cm. 

(c) With m = -1/3, we have i = p/3. Thus, Eq. 34-4 leads to 


111 13 1 

■ + - = — => — + — = ■ 


p i f p p 12 cm 

or 

A__ 1 
p 12 cm 


Consequently, we find p = 4(12 cm) = 48 cm. 


126. Since O < m < 1, we conclude the lens is of the diverging type (so/= -40 cm). Thus, 
substituting i = -3p/10 into Eq. 34-9 produces 

J__j0 _ _J__]_ 
p 3p 3p f 


Therefore, we find p = 93.3 cm and i = -28.0 cm, or I i I = 28.0 cm. 


127. (a) We show the a = 0.500 rad, r =12 cm, p = 20 cm calculation in detail. The 
understood length unit is the centimeter: 

The distance from the object to point x: 

d = p - r + x = 8 + x 

y = d tan a = 4.3704 + 0.54630.* 

2 2 2 

From the solution of x + y =r we get x = 8.1398. 

p = tan\y/x) = 0.8253 rad 
Y = 2p - a= 1.151 rad 

From the solution of tan(y)= y/(x + i - r) we get i = 7.799 . The other results are shown 
without the intermediate steps: 

For a = 0.100 rad, we get i = 8.544 cm; for a = 0.0100 rad, we get i = 8.571 cm. Eq. 34- 
3 and Eq. 34-4 (the mirror equation) yield i = 8.571 cm. 

(b) Here the results are: (a = 0.500 rad, i = -13.56 cm), (a = 0.100 rad, i = -12.05 cm), 
(a = 0.0100 rad, i = -12.00 cm). The mirror equation gives i = -12.00 cm. 


128. (a) Since m = +0.250, we have i = - 0.25p which indicates that the image is virtual 
(as well as being diminished in size). We conclude from this that the mirror is convex and 
that/< 0; in fact,/= - 2.00 cm. Substituting i = - p/4 into Eq. 34-4 produces 

1_A- 

PP P f 

Therefore, we find p = 6.00 cm and / = - 1.50 cm, or I / 1= 1.50 cm . 
(b) The focal length is negative. 


(c) As shown in (a), the image is virtual. 


129. First, we note that — relative to the water — the index of refraction of the carbon 
tetrachloride should be thought of as n = 1.46/1.33 = 1.1 (this notation is chosen to be 
consistent with Problem 34-122). Now, if the observer were in the water, directly above 
the 40 mm deep carbon tetrachloride layer, then the apparent depth of the penny as 
measured below the surface of the carbon tetrachloride is d ã = 40 mm/1.1 = 36.4 mm. 
This "apparent penny" serves as an "object" for the rays propagating upward through the 
20 mm layer of water, where this "object" should be thought of as being 20 mm + 36.4 
mm = 56.4 mm from the top surface. Using the result of Problem 34-122 again, we find 
the perceived location of the penny, for a person at the normal viewing position above the 
water, to be 56.4 mm/1.33 = 42 mm below the water surface. 


130. The sphere (of radius 0.35 m) is a convex mirror with focal length/= -0.175 m. We 
adopt the approximation that the rays are close enough to the central axis for Eq. 34-4 to 
be applicable. 

(a) With p = 1.0 m, the equation l/p + l/i = l//yields i = -0.15 m, which means the 
image is 0.15 m from the front surface, appearing to be inside the sphere. 

(b) The lateral magnification is m = -i/p which yields m = 0.15. Therefore, the image 
distance is (0.15)(2.0 m) = 0.30 m. 

(c) Since m > 0 , the image is upright, or not inverted (NI). 


131. (a) In this case i < O so i =—\i\, and Eq. 34-9 becomes l/f= l/p - l/\i\. 
We differentiate this with respect to time (?) to obtain 

d\i\ í\ií\ dp 
dt ~ \p) dt 

As the object is moved toward the lens, p is decreasing, so dp/dt < 0. Consequently, the 
above expression shows that d\i\ldt < 0; that is, the image moves in from infinity. The 
angular magnification me = OVO also increases as the following graph shows ("read" the 
graph from left to right since we are considering decreasing p from near the focal length 
to near 0). To obtain this graph of me, we chose/= 30 cm and h = 2 cm. 

18-E 

I4-: 
\2-. 

10-j 

6. 
A 1 . 
2-. 

2 4 6 8 10 12 14 16 18 20 22 24 26 28 

(b) When the image appears to be at the near point (that is, \i\ = P n ), m,Q is at its maximum 
usable value. The textbook states in section 34-8 that it generally takes P n to be equal to 
25 cm (this value, too, was used in making the above graph). 

(c) In this case, 

if _ \i\f _ PJ 
i-f \i\ + f P n +f ' 

If we use the small angle approximation, we have h'/\i\ and 6 & hlP n (note: this 
approximation was not used in obtaining the graph, above). We therefore find me» 
(h'/\i\)/(h/P n ) which (using Eq. 34-7 relating the ratio of heights to the ratio of distances) 
becomes 

9 ~ h \i\ P \i\ P PJ/(P n +f) f 

which readily simplifies to the desired result. 

(d) The linear magnification (Eq. 34-7) is given by (h 'Ih) »niQ ( P n ) (see the first in the 
chain of equalities, above). Once we set l/l = P„ (see part (b)) then this shows the 
equality in the magnifications. 



132. (a) The discussion in the textbook of the refracting telescope (a subsection of §34-8) 
applies to the Newtonian arrangement if we replace the objective lens of Fig. 34-21 with 
an objective mirror (with the light incident on it from the right). This might suggest that 
the incident light would be blocked by the person's head in Fig. 34-21, which is why 
Newton added the mirror M' in his design (to move the head and eyepiece out of the way 
of the incoming light). The beauty of the idea of characterizing both lenses and mirrors 
by focal lengths is that it is easy, in a case like this, to simply carry over the results of the 
objective-lens telescope to the objective-mirror telescope, so long as we replace a positive 
/device with another positive /de vice. Thus, the converging lens serving as the objective 
of Fig. 34-21 must be replaced (as Newton has done in Fig. 34-58) with a concave mirror. 
With this change of language, the discussion in the textbook leading up to Eq. 34-15 
applies equally as well to the Newtonian telescope: m g = -f 0 \Jfey 

(b) A meter stick (held perpendicular to the line of sight) at a distance of 2000 m subtends 
an angle of 

9«* * = 0-0005 rad. 


2000 m 


multiplying this by the mirror focal length gives (16.8 m) (0.0005) = 8.4 mm for the size 
of the image. 

(c) With r = 10 m, Eq. 34-3 gives f Q b = 5 m. Plugging this into (the absolute value of) Eq. 
34-15 leads to/ ey = 5/200 = 2.5 cm. 


133. (a) If we let p — » oo in Eq. 34-8, we get i = n 2 r l{n 2 - rii). If we set ri\= 1 (for air) 
and restrict n 2 so that 1 < n 2 < 2, then this suggests that i > 2r (so this image does form 
before the rays strike the opposite side of the sphere). We can still consider this as a sort 
of "virtual" object for the second imaging event, where this "virtual" object distance is 

2r - i = (n - 2) r l(n - 1), 

where we have simplified the notation by writing n 2 = n. Putting this in for p in Eq. 34-8 
and being careful with the sign convention for r in that equation, we arrive at the final 
image location: i ' = (0.5)(2 - rí)rl(n - 1). 

(b) The image is to the right of the right side of the sphere. 


134. We set up an xyz coordinate system where the individual planes (xy, yz, xz) serve as 
the mirror surfaces. Suppose an incident ray of light A first strikes the mirror in the xy 
plane. If the unit vector denoting the direction of A is given by 

A A A 

cos(a)i + cos(P)j + cos(y)k 
where a, P, y are the angles A makes with the axes, then after reflection off the xy plane 

A A A 

the unit vector becomes cos(a)i + cos(P)j - cos(y)k (one way to rationalize this is to 
think of the reflection as causing the angle y to become n - y). Next suppose it strikes 

A A 

the mirror in the xz plane. The unit vector of the reflected ray is now cos(a)i - cos(P)j - 

A 

cos(y)k . Finally as it reflects off the mirror in the yz plane a becomes 71 - a, so the unit 

A A A 

vector in the direction of the reflected ray is given by - cos(a)i - cos(P)j - cos(y)k , 
exactly reversed from A's original direction. A further observation may be made: this 
argument would fail if the ray could strike any given surface twice and some 
consideration (perhaps an illustration) should convince the student that such an 
occurrence is not possible. 


135. Since m = -2 and p = 4.00 cm, then i = 8.00 cm (and is real). Eq. 34-9 is 

- + -- — 
P i f 

and leads to/= 2.67 cm (which is positive, as it must be for a converging lens). 


136. (a) Since m = +0.200, we have i = -0.2p which indicates that the image is virtual (as 
well as being diminished in size). We conclude from this that the mirror is convex (and 
that/= -40.0 cm). 

(b) Substituting i = -p/5 into Eq. 34-4 produces 

pp p f 

Therefore, we find 

p = -4f = -4(-40.0 cm) = 160 cm . 


137. (a) Our first step is to form the image from the first lens. With p\ = 3.00 cm and/i = 
+4.00 cm, Eq. 34-9 leads to 


L+L = 1 ^ . = ^ = (4.00c m )(3.00cm) = _ 120cm 
p l í'j /j P\~ f\ 3.00 cm -4.00 cm 

The corresponding magnification is mi = -i\lp\ = 4. This image serves the role of 
"object" for the second lens, with p 2 = 8.00 + 12.0 = 20.0 cm, and/ 2 = - 4.00 cm. Now, 
Eq. 34-9 leads to 

J_ + 1 = J_ ^ . _ f 2 P 2 _ (-4.00 cm)(20.0 cm) _ 

p 2 i 2 f 2 2 p 2 -f 2 20.0 cm -(-4.00 cm) 

or \ i 2 1 = 3.33 cm. 

(b) The fact that i 2 is negative means that the final image is virtual (and therefore to the 
left of the second lens). 

(c) The image is virtual. 

(d) With m,2 = -iiJpi = 1/6, the net magnification is m = m\m 2 = 2/3 > 0. The fact that m is 
positive means that the orientation of the final image is the same as the (original) object. 
Therefore, the image is not inverted. 


1. The index of refraction is found from Eq. 35-3: 


_ c _ 2.998 x IO 8 m/s 
n ~v~ 1.92 x IO 8 m/s 


2. Note that Snell's Law (the law of refraction) leads to 0\ = 6 2 when n x = n 2 . The graph 
indicates that 6 2 = 30° (which is what the problem gives as the value of 6\) occurs at n 2 = 
1.5. Thus, n\ = 1.5, and the speed with which light propagates in that médium is 


c 2.998 xl(f m/s 8 , 

v = — = ^ = 2.0x10 m/s. 

1.5 


3. Comparing the light speeds in sapphire and diamond, we obtain 


Av = v s ~ v íl = c 


1 1 


(2.998 x IO 8 m/s) = 4.55xl0 7 m/s 

v ' >\\.ll 2.42 J ' 


4. (a) The frequency of yellow sodium light is 


c 2.998 x 10 m/s 


/ = - = — - -->- = 5.09 x IO 14 Hz. 
X 589xl0~ 9 m 

(b) When traveling through the glass, its wavelength is 

X 589 nm 

X = — = = 388 nm. 

" n 1.52 

(c) The light speed when traveling through the glass is 

v = / X n = (5.09 x 10 14 Hz)(388 x IO -9 m) = 1 .97 x 10 8 m/s . 


5. (a) We take the phases of both waves to be zero at the front surfaces of the layers. The 
phase of the first wave at the back surface of the glass is given by tpi = k\L - cot, where k\ 
(= 2%/Xi) is the angular wave number and X\ is the wavelength in glass. Similarly, the 
phase of the second wave at the back surface of the plastic is given by </>i = k 2 L - cot, 
where ki (= 2n/X 2 ) is the angular wave number and X 2 is the wavelength in plastic. The 
angular frequencies are the same since the waves have the same wavelength in air and the 
frequency of a wave does not change when the wave enters another médium. The phase 
difference is 

(a n 

0 l -0 2 = (k 1 


■k 2 )L = 2n 


J_ 


2 J 


Now, = A, a i r /Hi, where X a i r is the wavelength in air and n\ is the index of refraction of 
the glass. Similarly, X 2 = Xaklni, where n 2 is the index of refraction of the plastic. This 
means that the phase difference is 


air 


The value of L that makes this 5.65 rad is 


^i-^Kdr 5.65 400xl(T 9 m 

L = yri - Yl > Jr = ) / = 3.60 x 10 m 

2n{n x -n 2 ) 2tt(1.60-1.50) 


(b) 5.65 rad is less than 2n rad = 6.28 rad, the phase difference for completely 
constructive interference, and greater than k rad (= 3.14 rad), the phase difference for 
completely destructive interference. The interference is, therefore, intermediate, neither 
completely constructive nor completely destructive. It is, however, closer to completely 
constructive than to completely destructive. 


6. In contrast to the initial conditions of Problem 35-5, we now consider waves W2 and 
W\ with an initial effective phase difference (in wavelengths) equal to \ , and seek 

positions of the sliver which cause the wave to constructively interfere (which 
corresponds to an integer-valued phase difference in wavelengths). Thus, the extra 
distance 2L traveled by W2 must amount to \X,\X , and so on. We may write this 
requirement succinctly as 

L = ^ m + - X where m = 0, 1, 2,... . 
4 


(a) Thus, the smallest value of L/Athat results in the final waves being exactly in phase 
is when m =0, which gives LI À = 1/4 = 0.25 . 

(b) The second smallest value of L/Athat results in the final waves being exactly in 
phase is when m =1, which gives LI À = 3/4 = 0.75 . 

(c) The third smallest value of L//Lthat results in the final waves being exactly in phase 
is when m =2, which gives L//l = 5/ 4 = 1.25. 


7. The fact that wave W2 reflects two additional times has no substantive effect on the 
calculations, since two reflections amount to a 2(A/2) = X phase difference, which is 
effectively not a phase difference at ali. The substantive difference between W2 and W\ is 
the extra distance 2L traveled by W2. 

(a) For wave W2 to be a half-wavelength "behind" wave W\, we require 2L = X/2, or L = 
X/4 = (620 nm)/4 =155 nm using the wavelength value given in the problem. 

(b) Destructive interference will again appear if W2 is \X "behind" the other wave. In 
this case, 2L' = 3X/2 , and the difference is 

, 3X X X 620 nm ... 

L - L = = — = = 310nm . 

4 4 2 2 


8. (a) The time t 2 it takes for pulse 2 to travei through the plastic is 


L L L L 6.30L 

2 ~ c/1.55 + c/1.70 + c/1.60 + c/1.45 ~ c 


Similarly for pulse 1 : 

2L L L 6.33L 


c/í59 c/1.65 c/150 c 


Thus, pulse 2 traveis through the plastic in less time. 


(b) The time difference (as a multiple of L/c) is 


6.33L 6.30L 0.03L 

At = t 2 -t 1 = = 

c c c 


Thus, the multiple is 0.03. 


9. (a) Eq. 35-11 (in absolute value) yields 


(b) Similarly, 


L , , 8.50 x IO 6 m 

— k - n. = 5—^ (1.60 - 1.50) = 1.70 . 

X 1 2 11 500xl0~ 9 m V ; 


L , (8.50xl0- 6 m) / 
-I" -«1 = -^ ^(1.72 -1.62) = 1.70. 


A, 1 500xl0^m 

(c) In this case, we obtain 


L , , (3.25xl0- 6 m) / 
- |n 2 - | = - ^-^ (1.79 - 1.59) = 1.30. 


X 1 500x10 y m 

(d) Since their phase differences were identical, the brightness should be the same for (a) 
and (b). Now, the phase difference in (c) differs from an integer by 0.30, which is also 
true for (a) and (b). Thus, their effective phase differences are equal, and the brightness in 
case (c) should be the same as that in (a) and (b). 


10. (a) We note that ray 1 traveis an extra distance AL more than ray 2. To get the least 
possible L which will result in destructive interference, we set this extra distance equal to 
half of a wavelength: 

AT Ã r Ã 420.0 nm „ rn 

4L = — => L = — = = 52.50 nm. 

2 8 8 

(b) The next case occurs when that extra distance is set equal to \%. The result is 


M = 3(420.0 m0 = 
8 8 


11. (a) We wish to set Eq. 35-11 equal to 1/2, since a half-wavelength phase difference 
is equivalent to a n radians difference. Thus, 


X 620nm 

L m :„ = —, r = — ; r = 1550nm= 1.55 um. 

mn 2{n 2 -n x ) 2(1.65-1.45) H 

3 

(b) Since a phase difference of — (wavelengths) is effectively the same as what we 
required in part (a), then 

3A, 

L = — = 31^ = 3(l55jum) = 4.65 jum. 

2(n 2 -n 1 ) 


12. (a) The exiting angle is 50°, the same as the incident angle, due to what one might call 
the "transitive" nature of Snell's law: n x sin6 i = n 2 sin6 2 = n 3 sin9 3 = . . . 

(b) Due to the fact that the speed (in a certain médium) is c/n (where n is that médium' s 
index of refraction) and that speed is distance divided by time (while it's constant), we 
find 

t = nh/c = (1.45)(25 x l(T 19 m)/(3.0 x 10 8 m/s) = IA x 1(T 13 s = 0.14 ps. 


13. (a) We choose a horizontal x axis with its origin at the left edge of the plastic. 
Between x = 0 and x = L2 the phase difference is that given by Eq. 35-11 (with L in that 
equation replaced with L 2 ). Between x = L 2 and x = L\ the phase difference is given by an 
expression similar to Eq. 35-11 but with L replaced with L\ - L2 and ni replaced with 1 
(since the top ray in Fig. 35-37 is now traveling through air, which has index of refraction 
approximately equal to 1). Thus, combining these phase differences with X = 0.600 jum, 
we have 


L 2 


Ã 


(h 2 -h,) + 


ã 



3.50 jum 
0.600 jum 


(1.60-1.40) + 


4.00 //m-3.50 jum 
0.600 jum 


(1-1.40) 


= 0.833. 


(b) Since the answer in part (a) is closer to an integer than to a half-integer, the 
interference is more nearly constructive than destructive. 


14. (a) We use Eq. 35-14 with m = 3: 


6>=siir' 


mk 


= sin 


" 2(550 x IO" 9 m) 
7.70 x IO" 6 m 


= 0.216rad. 


(b) 0= (0.216) (1807tO= 12.4°. 


15. Interference máxima occur at angles 6 such that d sin 6= trík, where m is an integer. 
Since d = 2.0 m and X = 0.50 m, this means that sin 6= 0.25m. We want ali values of m 
(positive and negative) for which I0.25ml < 1. These are -4, -3, -2, -1, 0, +1, +2, +3, and 
+4. For each of these except -4 and +4, there are two different values for 0. A single 
value of 0(-9O°) is associated with m = -4 and a single value (+90°) is associated with m 
= +4. There are sixteen different angles in ali and, therefore, sixteen máxima. 


16. (a) For the maximum adjacent to the central one, we set m = 1 in Eq. 35-14 and obtain 


6> = sin -1 


l 'mh> 


= sin 1 

["««] 

m=l 

100A, 


= 0.010rad. 


(b) Since y\=D tan 6\ (see Fig. 35-10(a)), we obtain 

yi = (500 mm) tan (0.010 rad) = 5.0 mm. 
The separation is Ay = y\ - yo = y\ - 0 = 5.0 mm. 


17. The angular positions of the máxima of a two-slit interference pattern are given by 
d sin 6 = mÀ , where d is the slit separation, X is the wavelength, and m is an integer. If 0 
is small, sin 0 may be approximated by 0 in radians. Then, 9 = mXld to good 
approximation. The angular separation of two adjacent máxima is A0= XI d. Let A,' be the 
wavelength for which the angular separation is greater bylO.0%. Then, l.lQXId = X'ld. or 


X'= Í.10X= 1.10(589 nm) = 648 nm. 


18. In Sample Problem 35-2, an experimentally useful relation is derived: Ay = XDId. 
Dividing both sides by D, this becomes A0 = X/d with 0 in radians. In the steps that 
follow, however, we will end up with an expression where degrees may be directly used. 
Thus, in the present case, 

d nd n 1.33 


19. The condition for a maximum in the two-slit interference pattern is d sin 6 = mX, 
where d is the slit separation, X, is the wavelength, m is an integer, and 6*is the angle made 
by the interfering rays with the forward direction. If 0 is small, sin 9 may be 
approximated by 0 in radians. Then, 0 = mXld, and the angular separation of adjacent 
máxima, one associated with the integer m and the other associated with the integer m + 1, 
is given by A0= XI d. The separation on a screen a distance D away is given by 

Ay = D A0=XD/d. 

Thus, 

(500 x IO" 9 m) (5.40 m) 

Av = ^ '-i = 2.25 x 10 3 m = 2.25 mm 

1.20 x IO" 3 m 


20. (a) The phase difference (in wavelengths) is 

<j>= d únOlX = (4.24 |am)sin(20°)/(0.500 um) = 2.90 . 

(b) Multiplying this by 2n gives </> = 18.2 rad. 

(c) The result from part (a) is greater than | (which would indicate the third minimum) 
and is less than 3 (which would correspond to the third side maximum). 


21. Initially, source A leads source B by 90°, which is equivalent to 1/4 wavelength. 
However, source A also lags behind source B since ta is longer than rg by 100 m, which 
is 100m/400m= 1/4 wavelength. So the net phase difference between A and B at the 
detector is zero. 


22. (a) We use Eq. 35-14 to find d: 

dún0=mX => d = (4)(450 nm)/sin(90°) = 1 800 nm . 

For the third order spectrum, the wavelength that corresponds to 6= 90° is 

X = d sin(90°)/3 = 600 nm . 

Any wavelength greater than this will not be seen. Thus, 600 nm < 6 < 700 nm are 
absent. 

(b) The slit separation d needs to be decreased. 

(c) In this case, the 400 nm wavelength in the m = 4 diffraction is to occur at 90°. Thus 

d new ún0=mX => d new = (4)(400 nm)/sin(90°) = 1600 nm. 
This represents a change of IAJI = d- d new = 200 nm = 0.20 um. 


23. Let the distance in question be x. The path difference (between rays originating from 
S\ and S2 and arriving at points on the x > 0 axis) is 


4d 2 +x 2 -x = 


m + - \. 


where we are requiring destructive interference (half-integer wavelength phase 
differences) and m = 0, 1, 2,---. After some algebraic steps, we solve for the distance in 
terms of m: 

d 2 (2m + l)X 


x = 


(2m + l)A. 

To obtain the largest value of x, we set m = 0: 


d 2 X (3.00X) X . 

x a = = ^ '- = 8.75^ = 8.75(900 nm) = 7.88xl0 3 nm = 7.88//m. 

X 4 X 4 


24. Imagine a y axis midway between the two sources in the figure. Thirty points of 
destructive interference (to be considered in the xy plane of the figure) implies there are 
7 + 1 + 7 = 15 on each side of the y axis. There is no point of destructive interference on 
the y axis itself since the sources are in phase and any point on the y axis must therefore 
correspond to a zero phase difference (and corresponds to 6= 0 in Eq. 35-14). In other 
words, there are 7 "dark" points in the first quadrant, one along the +x axis, and 7 in the 
fourth quadrant, constituting the 15 dark points on the right-hand side of the y axis. Since 
the y axis corresponds to a minimum phase difference, we can count (say, in the first 
quadrant) the m values for the destructive interference (in the sense of Eq. 35-16) 
beginning with the one closest to the y axis and going clockwise until we reach the x axis 
(at any point beyond S 2 ). This leads us to assign m = 7 (in the sense of Eq. 35-16) to the 
point on the x axis itself (where the path difference for waves coming from the sources is 
simply equal to the separation of the sources, d); this would correspond to 6= 90° in Eq. 
35-16. Thus, 

d=(l +\ )X= 7.5 X, => - = 7.5. 

v 2 i 


25. The máxima of a two-slit interference pattern are at angles é^given by d sin 6= rtík, 
where d is the slit separation, X is the wavelength, and m is an integer. If #is small, sin 6 
may be replaced by 6*in radians. Then, dO = rrík. The angular separation of two máxima 
associated with different wavelengths but the same value of m is 


A6={mld){X 2 -X\), 


and their separation on a screen a distance D away is 


Ay = DtanA#« DAO = 
3(l.0m) 


mD 


5.0xl0~ 3 m 


(600 x l(T 9 m-480x 10~ 9 m) = 7.2x 10 5 m. 


The small angle approximation tan A6*« Aé^in radians) is made. 


26. (a) We note that, just as in the usual discussion of the double slit pattern, the x = 0 
point on the screen (where that vertical line of length D in the picture intersects the screen) 
is a bright spot with phase difference equal to zero (it would be the middle fringe in the 
usual double slit pattern). We are not considering x < 0 values here, so that negative 
phase differences are not relevant (and if we did wish to consider x < 0 values, we could 
limit our discussion to absolute values of the phase difference, so that - again - negative 
phase differences do not enter it). Thus, the x = 0 point is the one with the minimum 
phase difference. 

(b) As noted in part (a), the phase difference </) = 0 at x = 0. 

(c) The path length difference is greatest at the rightmost "edge" of the screen (which is 
assumed to go on forever), so <j> is maximum at x = qo. 

(d) In considering x = qo, we can treat the rays from the sources as if they are essentially 
horizontal. In this way, we see that the difference between the path lengths is simply the 
distance (2d) between the sources. The problem specifies 2d = 6.00 X, or 2dlX = 6.00 . 

(e) Using the Pythagorean theorem, we have 

Jp 2 +(x + d) 2 ^D 2 +(x-d) 2 
A " A 

where we have plugged in D = 20X, d = 3X and x = 6X. Thus, the phase difference at that 
point is 1.71 wavelengths. 

(f) We note that the answer to part (e) is closer to ^ (destructive interference) than to 2 

(constructive interference), so that the point is "intermediate" but closer to a minimum than 
to a maximum. 


27. Consider the two waves, one from each slit, that produce the seventh bright fringe in 
the absence of the mica. They are in phase at the slits and travei different distances to the 
seventh bright fringe, where they have a phase difference of 2nm = I4n. Now a piece of 
mica with thickness x is placed in front of one of the slits, and an additional phase 
difference between the waves develops. Specifically, their phases at the slits differ by 

2nx 2nx lux, 
= (n-1) 

X m X X 

where X m is the wavelength in the mica and n is the index of refraction of the mica. The 
relationship X m = X/n is used to substitute for X m . Since the waves are now in phase at the 
screen, 

X y ' 

or 

7X 7(550 xl(T 9 m) 

x = J±- = A L = 6.64 x 10- 6 m. 

n-í 1.58-1 


28. The problem asks for "the greatest value of x... exactly out of phase" which is to be 
interpreted as the value of x where the curve shown in the figure passes through a phase 
value of n radians. This happens as some point P on the x axis, which is, of course, a 
distance x from the top source and (using Pythagoras' theorem) a distance -\jd 2 + x 2 from 
the bottom source. The difference (in normal length units) is therefore -\jd 2 + x - x, or 

(expressed in radians) is (^d 2 + x 2 - x) . We note (looking at the leftmost point in the 

graph) that at x = 0, this latter quantity equals 6n, which means d = 3X. Using this value 
for d, we now must solve the condition 

^-(yjd 2 +X 2 -X^ = 7t . 

Straightforward álgebra then lead to x = (35/4)À,, and using X = 400 nm we find x = 3500 
nm, or 3.5 um. 


29. The phasor diagram is shown below. Here E\ = 1.00, £2 = 2.00, and (j) = 60°. The 
resultant amplitude E m is given by the trigonometric law of cosines: 

E 2 m = El + E\ - 2E l E 2 cos(180°-^) . 

Thus, 

E m = J( 1.00) 2 + (2.00) 2 -2(1.00)(2.00) cos 120° = 2.65 . 



30. In adding these with the phasor method (as opposed to, say, trig identities), we may 
set t = 0 (see Sample Problem 35-4) and add them as vectors: 


so that 


Thus, 


y h = 10cos0°+8.0cos30°= 16.9 
y v = 10sin0°+8.0sin30 o = 4.0 

y R = 4yl + yl = 174 


y?=tan 


= 13.3° 


y = y x + y 2 = y R sm((Dt + 0) = 17.4 sm(at + 13.3°) . 


Quoting the answer to two significant figures, we have y « 17 sin [cot + 13°) . 


31. With phasor techniques, this amounts to a vector addition problem R = A + B + C 
where (in magnitude- angle notation) Ã = (lOZO°),fl = (5Z45°), and C = (5Z-45°), 

where the magnitudes are understood to be in //V/m. We obtain the resultant (especially 
efficient on a vector-capable calculator in polar mode): 

R = (10 Z 0 o ) + (5 Z 45°) + (5 Z - 45°) = (17.1 Z 0 o ) 

which leads to 

E R =(17.1 //V/m) sin(<aí) 

where a> = 2.0 x IO 14 rad/s. 


32. (a) We can use phasor techniques or use trig identities. Here we show the latter 
approach. Since 

sin a + sin(a + b) = 2cos(ZV2)sin(<a + b/2), 


we find 

E { + E 2 = 2E 0 cos(0 / 2) sm(a>t + <j)/2) 

where E 0 = 2.00 uV/m, co = 1.26 x 10 15 rad/s, and 0=39.6 rad. This shows that the 
electric field amplitude of the resultant wave is 

E = 2E Q cos(0/2) = 2(2.00 //V/m)cos(19.2 rad) = 2.33 //V/m. 

(b) Eq. 35-22 leads to 

/ = 4/ () cos 2 (^/2)=1.35/ () 

at point P, and 

'ce„ t e r =4/ 0 cos 2 (0) = 4/ 0 
at the center . Thus, / / 7 center =1.35/4 = 0.338. 

(c) The phase difference § (in wavelengths) is gotten from (j) in radians by dividing by 2n. 
Thus, (j) = 39.6/27T = 6.3 wavelengths. Thus, point P is between the sixth side maximum 
(at which (j) = 6 wavelengths) and the seventh minimum (at which = 6^ wavelengths). 

(d) The rate is given by co = 1.26 x 10 15 rad/s. 

(e) The angle between the phasors is cp = 39.6 rad = 2270° (which would look like about 
110° when drawn in the usual way). 


33. In adding these with the phasor method (as opposed to, say, trig identities), we may 
set t = 0 (see Sample Problem 35-4) and add them as vectors: 

y h = 10cos0°+15cos30 o +5.0cos(-45°) = 26.5 
y v = 10sin0°+15sin30°+5.0sin(-45°) = 4.0 


so that 


y r = y/yl + yl = 2 6-8 ~ 27 


P = tan 1 


= 8.5°. 


Thus, y = y l + y 2 + y 3 = y R sin [cot + /?) = 27 sin [cot + 8.5°) . 


34. (a) Referring to Figure 35-10(a) makes clear that 

0= tan l (y/D) = tan 1 (0.205/4) = 2.93°. 

Thus, the phase difference at point P is § =ds'mô/X = 0.397 wavelengths, which means it 
is between the central maximum (zero wavelength difference) and the first minimum ( | 

wavelength difference). Note that the above computation could have been simplified 
somewhat by avoiding the explicit use of the tangent and sine functions and making use 
of the small-angle approximation (tan#~ s'm0). 

(b) From Eq. 35-22, we get (with <j>= (0.397)(2tt) = 2.495 rad) 

7 = 4/ 0 cos 2 (^/2) = 0.404/ 0 

at point P and 

'ce„ ter =4/ 0 cos 2 (0) = 4/ 0 


at the center . Thus, /// =0.404/4 = 0.101. 


35. Light reflected from the front surface of the coating suffers a phase change of n rad 
while light reflected from the back surface does not change phase. If L is the thickness of 
the coating, light reflected from the back surface traveis a distance 2L farther than light 
reflected from the front surface. The difference in phase of the two waves is 2L(2n/X c ) - 
n, where X c is the wavelength in the coating. If X is the wavelength in vacuum, then X c = 
X/n, where n is the index of refraction of the coating. Thus, the phase difference is 
2nL(2n/X) - n. For fully constructive interference, this should be a multiple of 2n. We 
solve 


2nL 


-tt = 2mn 


for L. Here m is an integer. The solution is 


L = 


(2m + í)X 
An 


To find the smallest coating thickness, we take m = 0. Then, 


L = 


X _ 560xlQ 9 m 
4n~~ 4(2.00) 


= 7.00x10 8 m. 


36. (a) We are dealing with a thin film (material 2) in a situation where n\ > n 2 > n 3 , 
looking for strong reflections; the appropriate condition is the one expressed by Eq. 35- 

37. Therefore, with lengths in nm and L = 500 and n 2 = 1.7, we have 

1700 for m = 1 

850 for m = 2 

567 for m = 3 

425 for m = 4 

from which we see the latter two values are in the given range. The longer wavelength 
(m=3) is X = 567 nm. 

(b) The shorter wavelength (m = 4) is Â = 425 nm. 


X = 


2n 2 L 


m 


(c) We assume the temperature dependence of the refraction index is negligible. From 
the proportionality evident in the part (a) equation, longer L means longer X. 


37. For constructive interference, we use Eq. 35-36: 

2n 2 L = (m + l/2)X . 

For the smallest value of L, let m = 0: 

X/2 624nm . 

L n =-^ = — - = 117nm = 0.117//m. 

0 2n 2 4(1.33) 

(b) For the second smallest value, we set m = 1 and obtain 


(1+1/2U 3A, 
L,=^ '—!—= = 3L () =3(0.1173//m) = 0.352//m. 


2n 1 2n 


38. (a) On both sides of the soap is a médium with lower index (air) and we are 
examining the reflected light, so the condition for strong reflection is Eq. 35-36. With 
lengths in nm, 


3360 

for m = 

o 

1120 

for m = 

1 

672 

for m = 

2 

480 

for m = 

3 

373 

for m = 

4 

305 

for m 

5 


from which we see the latter four values are in the given range. 


(b) We now turn to Eq. 35-37 and obtain 


X = 


2ti2L 


m 


1680 

840 

560 

420 

336 


for m = 1 
for m = 2 
for m = 3 
for m = 4 
for m = 5 


from which we see the latter three values are in the given range. 


39. For complete destructive interference, we want the waves reflected from the front and 
back of the coating to differ in phase by an odd multiple of n rad. Each wave is incident 
on a médium of higher index of refraction from a médium of lower index, so both suffer 
phase changes of n rad on reflection. If L is the thickness of the coating, the wave 
reflected from the back surface traveis a distance 2L farther than the wave reflected from 
the front. The phase difference is 2L(2%/X C ), where X c is the wavelength in the coating. If 
n is the index of refraction of the coating, X c = X/n, where X is the wavelength in vacuum, 
and the phase difference is 2nL(2n/X). We solve 


To find the least thickness for which destructive interference occurs, we take m = 0. Then, 



for L. Here m is an integer. The result is 


L = 


(2m+í)X 
An 


L = 


X _600xl0 9 m 
A~n~ 4(1.25) 


= 1.20xl(T 7 m. 


40. The situation is analogous to that treated in Sample Problem 35-6, in the sense that 
the incident light is in a low index médium, the thin film of acetone has somewhat higher 
n = n 2 , and the last layer (the glass plate) has the highest refractive index. To see very 
little or no reflection, according to the Sample Problem, the condition 

2L = (m + \)^- where m = 0,l,2,... 

n 2 

must hold. This is the same as Eq. 35-36 which was developed for the opposite situation 
(constructive interference) regarding a thin film surrounded on both sides by air (a very 
different context than the one in this problem). By analogy, we expect Eq. 35-37 to apply 
in this problem to reflection máxima. A more careful analysis such as that given in §35-7 
bears this out. Thus, using Eq. 35-37 with n 2 = 1.25 and X = 700 nm yields 

L = 0, 280 nm, 560 nm, 840 nm, 1 1 20 nm, . . . 

for the first several m values. And the equation shown above (equivalent to Eq. 35-36) 
gives, with X = 600 nm, 

L = 1 20 nm, 360 nm, 600 nm, 840 nm, 1080 nm, . . . 

for the first several m values. The lowest number these lists have in common is 
L = 840 nm. 


41. In this setup, we have n 2 < n x and n 2 <n 3 , and the condition for destructive 
interference is 


2L = m— => Á= 2 ^, m = 0,l,2, 


Thus, we have 

Â = - 


2Ln 2 = 2(380 nm)(1.34) = 1018 nm (m = 1) 
Ln 2 = (380 nm)(1.34) = 509 nm (m = 2) 


For the wavelength to be in the visible range, we choose m=2 with Ã = 509 nm. 


42. In this setup, we have n 2 > n x and n 2 > n 3 , and the condition for constructive 
interference is 


Thus, we have 


2L = 


m + - 


1 


X 


j n 2 


A = ^-, m = 0,l,2,. 
2m + l 


Ã = 


4Ln 2 = 4(325 nm)(1.75) = 2275 nm (m = 0) 
4Ln 2 /3 = 4(325 nm)(l. 75) /3 = 758 nm (m = l) . 
4Ln 2 / 5 = 4(325 nm)(l .75) / 5 = 455 nm (m = 2) 


For the wavelength to be in the visible range, we choose m=2 with Ã = 455 nm. 


43. In this setup, we have n 2 > n x and n 2 >n 3 , and the condition for constructive 
interference is 


2L = 


m + - 


A 
l)n 2 


í 


=> L = 


1 


m + 

v 2j 


À 


2n 0 


m = 0,1,2, 


The third least thickness is (m=2) 


í 


L = 


1 


2 + 

v 2j 


612 nm 


2(1.60) 


= 478 nm. 


44. In this setup, we have n 2 > n x and n 2 > n 3 , and the condition for constructive 
interference is 

2L = m + — 

l 2. 


Thus, we get 


J >h 


4Ln 2 
2m + \ 


m = 0,1,2,. 


X = 


\4Ln 2 = 4(285 nm)(1.60) = 1824 nm (m = 0) 
I 4Ln 2 1 3 = 4(285 nm)(l .60) / 3 = 608 nm (m = 1) 


For the wavelength to be in the visible range, we choose m=l with Á = 608 nm. 


45. When a thin film of thickness L and index of refraction n.2 is placed between materiais 
1 and 3 such that n x > n 2 and n 3 > n 2 where n\ and H3 are the indexes of refraction of the 
materiais, the general condition for destructive interference for a thin film is 

2L = m— => 2 = ^, to = 0,1,2,... 

n 2 m 

where Ã is the wavelength of light as measured in air. Thus, we have, for m = 1 


Ã = 2Ln 2 = 2(200 nm)(1.40) = 560 nm . 


46. In this setup, we have n 2 > n x and n 2 < n 3 , and the condition for destructive 
interference is 


2L = 


m + - 


Ã 


í 


2Jn 2 


=> L = 


1 


m + 

v 2 y 


À 


2n n 


, m = 0,1,2, 


The second least thickness is (m=l) 


L = 


1 


1 + 

V 2y 


482 nm 


2(1.46) 


= 248 nm . 


47. In this setup, we have n 2 > n x and n 2 < n 3 , and the condition for destructive 
interference is 


2L = 


À . 4Ln 0 n . n 

m + — — ^> A = — , m = 0,l,2,. 

2 J n 2 2m + 1 


Thus, 


Ã = 


\4Ln 2 = 4(210 nm)(1.46) = 1226 nm (m = 0) 

1 4Ln 2 1 3 = 4(210 nm)(l .46) / 3 = 409 nm (m = 1) ' 


For the wavelength to be in the visible range, we choose m=l with/l = 409 nm. 


48. In this setup, we have n 2 < n x and n 2 <n 2 , and the condition for constructive 
interference is 


2L = 


m + - 


Ã 


í 


2Jn 2 


=> L = 


1 


m + 

v 2 y 


À 


2n n 


, m = 0,1,2, 


The second least thickness is (m=l) 


C 


L = 


1 


1 + 

V 2y 


587 nm 


2(1.34) 


= 329 nm. 


49. In this setup, we have n 2 < n x and n 2 >n 3 , and the condition for destructive 
interference is 


2L = 


m + — 


À 

— => L = 


2)n 2 


m + — 
2 


À 


y 2n 2 


, m = 0,1,2, 


The second least thickness is (m=l) 


L = 


^1 


342 nm 
2(1.59) 


= 161 nm . 


50. In this setup, we have n 2 < n x and n 2 >n 3 , and the condition for destructive 
interference is 


Therefore, 


2L = 


m + - 


Ã 


2Jn 2 


À= 4Ln 2 


2m + l 


m = 0,1,2,. 


Ã = 


4Ln 2 =4(415 nm)(1.59) = 2639 nm (m = 0) 
4Ln 2 /3 = 4(415 nm)(1.59)/3 = 880 nm (m = l) . 
ALn 2 15 = 4(415 nm)(1.59)/5 = 528 nm (m = 2) 


For the wavelength to be in the visible range, we choose m=3 with Ã = 528 nm. 


51. In this setup, we have n 2 > n x and n 2 > n 3 , and the condition for constructive 
interference is 


2L = 


' 1 
m + — 
v 2 


Ã 


=> L = 


J n 2 


' 1 

m + — 

v 2 


J2n 2 


, m = 0,l,2,. 


The third least thickness is (m=2) 


L = 


2 + 


1 > 382 nm 
2~J 2(1.75) 


= 273 nm . 


52. In this setup, we have n 2 < n x and n 2 <n 2 , and the condition for constructive 
interference is 


2L = 


m + - 


A 
l)n 2 


í 


=> L = 


1 


m + 

v 2j 


À 


2n 0 


m = 0,1,2, 


The second least thickness is (m=l) 


C 


L = 


1 


1 + 

v 2 


632 nm 


2(1.40) 


= 339 nm . 


53. The situation is analogous to that treated in Sample Problem 35-6, in the sense that 
the incident light is in a low index médium, the thin film has somewhat higher n = ri2, and 
the last layer has the highest refractive index. To see very little or no reflection, according 
to the Sample Problem, the condition 


2L = m + —\ — where m = 0, 1, 2,... 



must hold. The value of L which corresponds to no reflection corresponds, reasonably 
enough, to the value which gives maximum transmission of light (into the highest index 
médium — which in this problem is the water). 

(a) If 2L = (m + \)^ (Eq. 35-36) gives zero reflection in this type of system, then we 

might reasonably expect that its counterpart, Eq. 35-37, gives maximum reflection here. 
A more careful analysis such as that given in §35-7 bears this out. We disregard the m = 0 
value (corresponding to L = 0) since there is some oil on the water. Thus, for m = 1, 2,..., 
maximum reflection occurs for wavelengths 

2n 0 L 2 (1.20) (460 nm) 

X = —5- = ^ '- = 1 104 nm , 552nm, 368 nm... 

m m 

We note that only the 552 nm wavelength falis within the visible light range. 

(b) As remarked above, maximum transmission into the water occurs for wavelengths 
given by 


2L = 


X . 4n 9 L 
m + — — =>A = — - — 
2 J n 2 2m + 1 


which yields X = 2208 nm, 736 nm, 442 nm ... for the different values of m. We note that 
only the 442 nm wavelength (blue) is in the visible range, though we might expect some 
red contribution since the 736 nm is very close to the visible range. 


54. For constructive interference (which is obtained for X = 600 nm) in this circumstance, 
we require 

2 " 2n 

where k = some positive odd integer and n is the index of refraction of the thin film. 
Rearranging and plugging in L = 272.7 nm and the wavelength value, this gives 

kX fc(600nm) k ncci 

n = — = = = 0.55/: . 

AL 4(272.7 nm) 1.818 

Since we expect n > 1, then k = 1 is ruled out. However, k = 3 seems reasonable, since it 
leads to n = 1.65, which is close to the "typical" values found in Table 34-1. Taking this 
to be the correct index of refraction for the thin film, we now consider the destructive 
interference part of the question. Now we have 2L = (integer)A,d es t/n. Thus, 

^dest= (900 nm)/(integer). 


We note that setting the integer equal to 1 yields a À dest value outside the range of the 
visible spectrum. A similar remark holds for setting the integer equal to 3. Thus, we set 
it equal to 2 and obtain Àdest = 450 nm. 


55. We solve Eq. 35-36 with n,2 = 1.33 and X = 600 nm for m = 1,2,3,...: 

L = 113 nm, 338 nm, 564 nm, 789 nm,... 

And, we similarly solve Eq. 35-37 with the same n 2 and A, = 450 nm: 

L = 0,169nm, 338 nm, 508 nm, 677 nm,... 
The lowest number these lists have in common is L = 338 nm. 


56. The situation is analogous to that treated in Sample Problem 35-6, in the sense that 
the incident light is in a low index médium, the thin film of oil has somewhat higher n = 
n 2 , and the last layer (the glass plate) has the highest refractive index. To see very little or 
no reflection, according to the Sample Problem, the condition 


must hold. With X = 500 nm and n 2 = 1.30, the possible answers for L are 
L = 96 nm, 288 nm, 481nm, 673 nm, 865 nm,... 

And, with X = 700 nm and the same value of n 2 , the possible answers for L are 

L = 135 nm, 404 nm, 673 nm, 942 nm,... 

The lowest number these lists have in common is L = 673 nm. 


2L= m + 


v 



where m = 0, 1, 2, . . . 


57. In this setup, we have n 2 < n x and n 2 <n 3 , and the condition for minimum 
transmission (maximum reflection) or destructive interference is 


2L = 


m + - 


Ã 


í 


2Jn 2 


=> L = 


1 


m + 

v 2 y 


À 


2n n 


, m = 0,1,2, 


The second least thickness is (m=l) 


C 


L = 


1 


1 + 

V 2y 


587 nm 


2(1.34) 


= 329 nm. 


58. In this setup, we have n 2 < n x and n 2 >n 3 , and the condition for maximum 
transmission (minimum reflection) or constructive interference is 


2L = 


m + - 


Ã 


í 


2Jn 2 


=> L = 


1 


m + 

v 2 


À 


jln 2 


, m = 0,1,2, 


The second least thickness is (m=l) 


L = 


342 nm 
2(1.59) 


= 161 nm . 


59. In this setup, we have n 2 > n x and n 2 <n 3 , and the condition for maximum 
transmission (minimum reflection) or constructive interference is 


C 


2L = 


1 


m + 

v 2 


À 


í 


^ L = 


J n 2 


1 


m + - 

v 2, 


2n 0 


m = 0,1,2, 


The second least thickness is (m=l) 


L = 


1 


1 + 

V 2y 


482 nm 


2(1.46) 


= 248 nm . 


60. In this setup, we have n 2 > n x and n 2 >n 3 , and the condition for minimum 
transmission (maximum reflection) or destructive interference is 


2L = 


m + — 


À 

— =^ L = 


2Jn 2 


m + — 
2 


À 


y 2n 2 


, m = 0,1,2, 


The third least thickness is (m=2) 


L = 


1 


2 + 

v 2 y 


382 nm 


2(1.75) 


= 273 nm 


61. In this setup, we have n 2 < n x and n 2 <n 3 , and the condition for minimum 
transmission (maximum reflection) or destructive interference is 


2L = 


m + - 


A 
l)n 2 


í 


=> L = 


1 


m + 

v 2j 


À 


2n 0 


m = 0,1,2, 


The second least thickness is (m=l) 


C 


L = 


1 


1 + 

v 2 


632 nm 


2(1.40) 


= 339 nm . 


62. In this setup, we have n 2 > n x and n 2 >n 3 , and the condition for minimum 
transmission (maximum reflection) or destructive interference is 


2L = 


m + - 


A 
l)n 2 


í 


=> L = 


1 


m + 

v 2j 


À 


2n 0 


m = 0,1,2, 


The third least thickness is (m=2) 


L = 


1 


2 + 

v 2j 


612 nm 


2(1.60) 


= 478 nm. 


63. In this setup, we have n 2 < n x and n 2 > n 3 , and the condition for maximum 
transmission (minimum reflection) or constructive interference is 


Thus, we have 


2L = 


1 

m-\ — 

v 2 


Ã 


À= 4Ln 2 


J n 2 


2m + l 


m = 0,1, 2, 


Ã = 


4Ln 2 =4(415 nm)(1.59) = 2639 nm (m = 0) 
4Ln 2 /3 = 4(415 nm)(1.59)/3 = 880 nm (m = l) . 
ALn 2 l5 = 4(415 nm)(1.59)/5 = 528 nm (m = 2) 


For the wavelength to be in the visible range, we choose m=3 with X = 528 nm. 


64. In this setup, we have n 2 < n x and n 2 <n 2 , and the condition for maximum 
transmission (minimum reflection) or constructive interference is 


2L = m— => X = 2 -, m = 0,l,2,... 

n 2 m 

Thus, we obtain 

[2Ln 2 = 2(380 nm)(1.34) = 1018 nm (m = 1) 
~ [Ln 2 = (380 nm)(l .34) = 509 nm (m = 2) 

For the wavelength to be in the visible range, we choose m=2 with X = 509 nm. 


65. In this setup, we have n 2 > n x and n 2 >n 3 , and the condition for 
transmission (maximum reflection) or destructive interference is 


2L = 


mH — 
2 


À 


— => Ã = - 
n 0 2m + 1 


m = 0, 1, 2, . 


j n 2 


Therefore, 


Ã = 


4Ln 2 = 4(325 nm)(1.75) = 2275 nm (m = 0) 
4Ln 2 1 3 = 4(415 nm)(1.59)/3 = 758 nm (m = 1) 
4Ln 2 15 = 4(415 nm)(1.59)/5 = 455 nm (m = 2) 


For the wavelength to be in the visible range, we choose m=2 with Ã = 455 nm. 


66. In this setup, we have n 2 > n x and n 2 <n 3 , and the condition for 
transmission (minimum reflection) or constructive interference is 


Thus, we have 


2L = 


m + - 


1 


À 


2Jn 2 


À= 4Ln 2 


2m + l 


m = 0,1,2,. 


Ã = 


\ALn 2 = 4(210 nm)(1.46) = 1226 nm (m = 0) 

1 4Ln 2 1 3 = 4(210 nm)(l .46) / 3 = 409 nm (m = 1) ' 


For the wavelength to be in the visible range, we choose m=l with/l = 409 nm. 


67. In this setup, we have n 2 > n x and n 2 >n 3 , and the condition for 
transmission (maximum reflection) or destructive interference is 


Therefore, 


2L = 


m-\ — 
2 


À 


— => Ã = - 
n 0 2m + 1 


m = 0, 1, 2, . 


J "2 


Á = 


\4Ln 2 = 4(285 nm)(1.60) = 1824 nm (m = 0) 
I 4Ln 2 /3 = 4(415 nm)(1.59)/3 = 608 nm (m = 1) 


For the wavelength to be in the visible range, we choose m=l with À = 608 nm. 


68. In this setup, we have n 2 < n x and n 2 <n 2 , and the condition for maximum 
transmission (minimum reflection) or constructive interference is 


2L = m 


Ã 


A = ^, TO = 0,1, 2, 


m 


Thus, we have (with m =1) 

Ã = 2Ln 2 = 2(200 nm)(1.40) = 560 nm 


69. Assume the wedge-shaped film is in air, so the wave reflected from one surface 
undergoes a phase change of n rad while the wave reflected from the other surface does 
not. At a place where the film thickness is L, the condition for fully constructive 
interference is 2nL = (m + \)X, where n is the index of refraction of the film, X is the 

wavelength in vacuum, and m is an integer. The ends of the film are bright. Suppose the 
end where the film is narrow has thickness L\ and the bright fringe there corresponds to m 
= m\. Suppose the end where the film is thick has thickness Li and the bright fringe there 
corresponds to m = m,2. Since there are ten bright fringes, ni2 = mi + 9. Subtract 
2nL l = {p\ + \)X from 2nL 1 = (m, + 9 + \)X to obtain 2n AL = 9X, where AL = L2 - L\ is 
the change in the film thickness over its length. Thus, 


AL = 



= 1.89xl<r 6 m. 


2n 


2(1.50) 


70. By the condition rtík = 2y where y is the thickness of the air-film between the plates 
directly underneath the middle of a dark band), the edge of the plates (the edge where 
they are not touching) are y = 8À/2 = 2400 nm apart (where we have assumed that the 
middle of the ninth dark band is at the edge). Increasing that to y' = 3000 nm would 
correspond to m' = 2y'/X = 10 (counted as the eleventh dark band, since the first one 
corresponds to m = 0). There are thus 1 1 dark fringes along the top plate. 


7 1 . Consider the interference of waves reflected from the top and bottom surfaces of the 
air film. The wave reflected from the upper surface does not change phase on reflection 
but the wave reflected from the bottom surface changes phase by n rad. At a place where 
the thickness of the air film is L, the condition for fully constructive interference 
is 2L = (m + y)A. where X, (= 683 nm) is the wavelength and m is an integer. This is 

satisfied for m = 140: 

(m + m (140.5) (683 x IO 9 m) 
L = ± 2 ->— = ± ^ '- = 4.80 x IO" 5 m = 0.048 mm. 


At the thin end of the air film, there is a bright fringe. It is associated with m = 0. There 
are, therefore, 140 bright fringes in ali. 


72. (a) The third sentence of the problem implies m Q = 9.5 in 2 d 0 = m 0 X initially. Then, 
At = 15 s later, we have m! = 9.0 in 2d' = m'X. This means 

IAJI = d 0 - d' = | ( m 0 X - m'X) =155 nm . 

Thus, IAJI divided by Aí gives 10.3 nm/s. 
(b) In this case, m/= 6 so that 

1 7 

J 0 - = 2 (w 0 A, - m/À,) = ^ A, = 1085 nm = 1.09 |am. 


73. Using the relations of §35-7, we find that the (vertical) change between the center of 
one dark band and the next is 

X 500 nm „ „ 

Av = — = = 250 nm = 2.50x10 mm. 

2 2 

Thus, with the (horizontal) separation of dark bands given by Ax = 1.2 mm, we have 

6 » tan 6» = — = 2.08 x 10~ 4 rad. 
Ax 

Converting this angle into degrees, we arrive at 6= 0.012°. 


74. We apply Eq. 35-27 to both scenarios: m = 4001 and n 2 = ft a ir, and m = 4000 and n 2 = 
n V acuum= 1.00000: 

2L = (4001)— and 2L = (4000) . 

V \ ir v ; 1.00000 

Since the 2L factor is the same in both cases, we set the right hand sides of these 
expressions equal to each other and cancel the wavelength. Finally, we obtain 

n. = (i.ooooo)^2! = 1-00025. 
™ v / 4000 


We remark that this same result can be obtained starting with Eq. 35-43 (which is 
developed in the textbook for a somewhat different situation) and using Eq. 35-42 to 
eliminate the 2L/X term. 


75. Consider the interference pattern formed by waves reflected from the upper and lower 
surfaces of the air wedge. The wave reflected from the lower surface undergoes a n rad 
phase change while the wave reflected from the upper surface does not. At a place where 
the thickness of the wedge is d, the condition for a maximum in intensity is 
2d = {m + \)X, where X is the wavelength in air and m is an integer. Therefore, 

d={2m+\)XIA. 

As the geometry of Fig. 35-47 shows, d = R- ^R 2 -r 2 , where R is the radius of 
curvature of the lens and r is the radius of a Newton' s ring. Thus, 

(2m + í)X/4 = R-^R 2 -r 2 . First, we rearrange the terms so the equation becomes 

4¥^?=R- {2m+l ^ . 

4 

Next, we square both sides, rearrange to solve for r , then take the square root. We get 


(2m+l)RX (2m + l)V 
2 16 ' 

If R is much larger than a wavelength, the first term dominates the second and 



r = 


(2m + l)RX 


76. (a) We find m from the last formula obtained in Problem 35-75: 

r 2 i (lOxl(T 3 m) 2 i 
M ~ RX 2 ~ (5.0m)(589xl(T 9 m) 2 

which (rounding down) yields m = 33. Since the first bright fringe corresponds to m = 0, 
m = 33 corresponds to the thirty-fourth bright fringe. 

(b) We now replace X by X n = Xln w . Thus, 

m - r2 l = 5S L = (l-33)(l0xl0- 3 m) 2 1 _ ^ 
m " i?^ n 2 i?l 2 (5.0m)(589xl0^m) 2 

This corresponds to the forty-sixth bright fringe (see remark at the end of our solution in 
part (a)). 


77. We solve for m using the formula r = ^J{2m + í)RX/2 obtained in Problem 35-75 and 
find m = r IKk - 1/2. Now, when m is changed to m + 20, r becomes r', so 

m + 20 = r' 2 /RX - 1/2. 

Taking the difference between the two equations above, we eliminate m and find 


78. The time to change from one minimum to the next is At = 12 s. This in volves a 
change in thickness AL = V2n 2 (see Eq. 35-37), and thus a change of volume 

2at dV _ nr2 ^ _ ^(0-01 80) 2 (550 x IO' 9 ) 

AV-nrAL- 2n2 => dt - 2n2 At ~ 2(1.40) (12) 


1 1 o 

using SI units. Thus, the rate of change of volume is 1.67 x 10 m /s. 


79. A shift of one fringe corresponds to a change in the optical path length of one 
wavelength. When the mirror moves a distance d the path length changes by 2d since the 
light traverses the mirror arm twice. Let /V be the number of fringes shifted. Then, 2d = 
NX and 

2d 2(0.233 xl(T 3 m) 

X = — = — = 5.88 x 1CT 7 m = 588 nm . 

N 792 


80. According to Eq. 35-43, the number of fringes shifted (AN) due to the insertion of the 
film of thickness L is A/V = (2L / X) (n - 1). Therefore, 


L = 


XAN _(589nm)(7.0) 


2(n-l) 2(1.40-1) 


= 5.2 jum 


8 1 . Let <fa be the phase difference of the waves in the two arms when the tube has air in it, 
and let be the phase difference when the tube is evacuated. These are different because 
the wavelength in air is different from the wavelength in vacuum. If X is the wavelength 
in vacuum, then the wavelength in air is X/n, where n is the index of refraction of air. This 
means 

4n(n-l)L 
X 


2nn 2n 

"1 X 


where L is the length of the tube. The factor 2 arises because the light traverses the tube 
twice, once on the way to a mirror and once after reflection from the mirror. Each shift by 
one fringe corresponds to a change in phase of 2n rad, so if the interference pattern shifts 
by ./V fringes as the tube is evacuated, 

4n(n-í)L 

— * J — = 2Nn 

X 

and 

NX 60(500 x IO" 9 m) 

n = í + = 1 + — ) —^ = 1.00030 . 

2L 2(5.0 x IO" 2 m) 


82. We denote the two wavelengths as X and X', respectively. We apply Eq. 35-42 to both 
wavelengths and take the difference: 


„, A7 2L 2L f 1 1 

N'-N = = 2L 

X' X 


X' X 


We now require N' - N = 1 and solve for L: 

L= , ... i 


1 



- 1 ir 

2 

yX 


2I 


1 


589.10nm 589.59nm 


= 3.54xl0 5 nm = 354//m. 


83. (a) Applying the law of refraction, we obtain sin &i I sin 0\ = sin Oi I sin 30° = vjvd- 
Consequently, 


6 2 = sirf 


v, sin 30 c 


= sin 


(3.0 m/s) sin 30 c 
4.0 m/s 


= 22 c 


(b) The angle of incidence is gradually reduced due to refraction, such as shown in the 
calculation above (from 30° to 22°). Eventually after many refractions, 0i will be 
virtually zero. This is why most waves come in normal to a shore. 


84. When the depth of the liquid (Ln q ) is zero, the phase difference <j) is 60 wavelengths; 
this must equal the difference between the number of wavelengths in length L = 40 um 
(since the liquid initially fills the hole) of the plastic (for ray r x ) and the number in that 
same length of the air (for ray r 2 ). That is, 

XX 

(a) Since X = 400 x 10 9 m and n air = 1 (to good approximation), we find n p i ast i c =1.6. 

(b) The slope of the graph can be used to determine ni iq , but we show an approach more 
closely based on the above equation: 

^ n P iastic _ Ln iiq _ 
X "~ X 


which makes use of the leftmost point of the graph. This readily yields nii q = 1.4. 


85. (a) The path length difference between Rays 1 and 2 is Id - 2d = 5d. For this to 
correspond to a half-wavelength requires 5d = X/2, so that d = 50.0 nm. 

(b) The above requirement becomes 5d = 7J2n in the presence of the solution, with n = 
1.38. Therefore, d = 36.2 nm. 


86. (a) The minimum path length difference occurs when both rays are nearly vertical. 
This would correspond to a point as far up in the picture as possible. Treating the screen 
as if it extended forever, then the point is at y = ao. 

(b) When both rays are nearly vertical, there is no path length difference between them. 
Thus at y = ao, the phase difference is (f> = 0. 

(c) At y = 0 (where the screen crosses the x axis) both rays are horizontal, with the ray 
from S\ being longer than the one from S 2 by distance d. 

(d) Since the problem specifies d = 6.00À,, then the phase difference here is <f> = 6.00 
wavelengths and is at its maximum value. 

(e) With D = 20X, use of the Pythagorean theorem leads to 

, U-U ylcP + (d + D) 2 -^cP + D 2 <on 
A, — A, — 

which means the rays reaching the point y = d have a phase difference of roughly 5.8 
wavelengths. 

(f) The result of the previous part is "intermediate" - closer to 6 (constructive 
interference) than to 5 4 (destructive interference). 


87. The wave that goes directly to the receiver traveis a distance Li and the reflected 
wave traveis a distance L2. Since the index of refraction of water is greater than that of air 
this last wave suffers a phase change on reflection of half a wavelength. To obtain 
constructive interference at the receiver, the difference L 2 - L\ must be an odd multiple of 
a half wavelength. Consider the diagram below. The right triangle on the left, formed by 
the vertical line from the water to the transmitter T, the ray incident on the water, and the 
water line, gives D a = al tan 0. The right triangle on the right, formed by the vertical line 
from the water to the receiver R, the reflected ray, and the water line leads to 
D b = x/tan0 . Since D a + D h = D, 


tan 0 = 


a + x 
D 


We use the identity sin 2 0= tan 2 61 (1 + tan 2 9) to 
show that 


sin 6 = (a + x)/ ^D 2 +(a + x) 2 


This means 


L 2a = 


a a^D 2 + {a + xf 


siné? 


a + x 


a 



D n >< — D h 


and 


Therefore, 


L 2b = 


x xJD 2 +(a + x) 


siné? 


a + x 


(a + x)JD 2 + (a + x) /— : — ; - 

L 2 = L 2a + L 2h = y - Oi ^ '- = p 2 +(a + x) 


a + x 


2 2 2 

Using the binomial theorem, with D large and a+x small, we approximate this 
expression: L 2 « D + (a + xf I2D. The distance traveled by the direct wave is 

L x = ^D 2 + {a - xf . Using the binomial theorem, we approximate this expression: 
L, « D + {a-xf I2D. Thus, 

^ a 2 +2ax + x 2 ^ a 2 -2ax + x 2 2ax 

Lj-L, « D + D = . 

2D 2D D 


Setting this equal to {m + \)X , where m is zero or a positive integer, we find 
x = (m + ^)(D/2a)X . 


88. (a) Since P x is equidistant from Si and S 2 we conclude the sources are not in phase 
with each other. Their phase difference is A^ source = 0.60 n rad, which may be expressed 
in terms of "wavelengths" (thinking of the X <=> 2n correspondence in discussing a full 
cycle) as 

A^ource = (0.60 iz/2n)X = 0.3 X 

(with Syieading" as the problem states). Now Si is closer to P 2 than S 2 is. Source Si is 
80 nm («■ 80/400 X = 0.2X) from P 2 while source S 2 is 1360 nm (<z> 1360/400 X = 3AX) 
from P 2 . Here we find a difference of A^ at h = 3.2 A, (with 5i "leading" since it is closer). 
Thus, the net difference is 

A^et = A^p a th - A^ source = 2.90 X, 

or 2.90 wavelengths. 

(b) A whole number (like 3 wavelengths) would mean fully constructive, so our result is 
of the following nature: intermediate, but close to fully constructive. 


89. We infer from Sample Problem 35-2, that (with angle in radians) 

d 

for adjacent fringes. With the wavelength change (V = X/n by Eq. 35-8), this equation 
becomes 

A0' = -. 
d 

Dividing one equation by the other, the requirement of radians can now be relaxed and 
we obtain 

AO' _ X' _ 1 

A6 ~ X ~ n 


Therefore, with n = 1.33 and A6= 0.30°, we find A6 ' = 0.23°. 


90. (a) The graph shows part of a periodic pattern of half-cycle "length" An = 0.4. Thus 
if we set n = 1.0 + 2 An =1.8 then the maximum at n = 1.0 should repeat itself there. 

(b) Continuing the reasoning of part (a), adding another half-cycle "length" we get 
1 .8 + An = 2.2 for the answer. 

(c) Since An = 0.4 represents a half-cycle, then An/2 represents a quarter-cycle. To 
accumulate a total change of 2.0 - 1.0 = 1.0 (see problem statement), then we need 2An + 
An/2 = 5/4 th of a cycle, which corresponds to 1.25 wavelengths. 


71 

91. We note that A<j) = 60° = t rad. The phasors rotate with constant angular velocity 


Aè 7rl3 rad . 1 _ 1 _ 15 ,, 

w = — = — = 4.19x10 rad/s . 

Aí 2.5xl0" 16 s 

Since we are working with light waves traveling in a médium (presumably air) where the 
wave speed is approximately c, then kc = co (where k = 2n/K), which leads to 

2nc 

X = = 450 nm . 

co 


92. (a) The difference in wavelengths, with and without the n = 1.4 material, is found 
using Eq. 35-9: 

Atf = (7i-1)- = 1.143. 
Á 

The result is equal to a phase shift of (1.143)(360°) = 411.4°, or 
(b) more meaningfully -- a shift of 41 1.4° - 360° = 51.4°. 


93. (a) A path length difference of X/2 produces the first dark band, of 3X/2 produces the 
second dark band, and so on. Therefore, the fourth dark band corresponds to a path length 
difference of 7 X/2 = 1750 nm = 1.75 jum. 

(b) In the small angle approximation (which we assume holds here), the fringes are 
equally spaced, so that if Ay denotes the distance from one maximum to the next, then the 
distance from the middle of the pattern to the fourth dark band must be 16.8 mm = 
3.5 Ay. Therefore, we obtain Ay = 16.8/3.5 = 4.8 mm. 


94. We note that ray 1 traveis an extra distance AL more than ray 2. For constructive 
interference (which is obtained for X = 620 nm) we require 

AL = ník where m = some positive integer . 

For destructive interference (which is obtained for X! = 4196 nm) we require 

k 

AL =2^' where k = some positive odd integer . 

Equating these two equations (since their left-hand sides are equal) and rearranging, we 
obtain 

, X .620 

k = 2 m — =2 m = 2.5 m . 

We note that this condition is satisfied for k = 5 and m = 2. It is satisfied for some larger 
values, too, but - recalling that we want the least possible value for L - we choose the 
solution set (k, m) = (5, 2). Plugging back into either of the equations above, we obtain 
the distance L: 

AL =2X L = |=310.0nm. 


95. In the case of a distant screen the angle 6* is close to zero so sin 9~ 6. Thus from Eq. 
35-14, 


A6~ Asin# = A 


V a j 


= — Am = 
d d 


oxd~ X/A0= 589 x 1CT 9 m/0.018 rad = 3.3 x 10 5 m = 33 jum. 


96. We use Eq. 35-36 for constructive interference: 2ti2L = (m + Í/2)X, or 


2n 2 L _ 2(1.50) (410nm) _ 1230 nm 
TO +1/2 TO +1/2 TO + 1/2 


where m = 0, 1, 2, .... The only value of m which, when substituted into the equation 
above, would yield a wavelength which falis within the visible light range is m = 1. 
Therefore, 

1230nm 

X, = = 492 nm . 

1 + 1/2 


97. (a) Looking at the figure (where a portion of a periodic pattern is shown) we see that 
half of the periodic pattern is of length AL = 750 nm (judging from the maximum at x = 0 
to the minimum at x = 750 nm); this suggests that the wavelength (the full length of the 
periodic pattern) is X= 2 AL = 1500 nm. A maximum should be reached again at x = 
1500 nm (and atx= 3000nm, x = 4500 nm, . . .). 

(b) From our discussion in part (b), we expect a minimum to be reached at each value x = 
750 nm + n(1500 nm), where n = 1, 2, 3 ... . For instance, for n = 1 we would find the 
minimum at x = 2250 nm. 

(c) With X = 1500 nm (found in part (a)), we can express x = 1200 nm as x = 1200/1500 = 
0.80 wavelength. 


98. We use the formula obtained in Sample Problem 35-6: 


^min 


4n 2 4(1.25) 


= 0.200?. 


Ã 


= 0.200. 


99. For the first maximum m = 0 and for the tenth one m = 9. The separation is 

Ay =(DX/d)Am = 9DX/d. 

We solve for the wavelength: 

dAv (0.15xl0" 3 m)(l8xl0" 3 m) 

X = ^ = ± 7 ^— ^ = 6.0x10 7 m = 600nm. 

9 D 9(50x10 2 m) 


100. The index of refraction of fused quartz at X = 550 nm is about 1.459, obtained from 
Fig. 34-19. Thus, from Eq. 35-3, we find 


c 2.998xl0 8 m/s 


v = - = ^^ — - — ^ = 2.06xl0 8 m/s*2.1xl0 8 m/s. 
n 1.459 ' ' 


2 

101. We adapt Eq. 35-21 to the non-reflective coating on a glass lens: / = 7 max cos ($2), 
where </> = (2n/X)(2n 2 L) + n. 


(a) AtX = 450 nm 


= cos 


V- 


= cos 


2nn 0 L n 


X 


= cos 


27i(l.38)(99.6nm) n 
450nm 2 


= 0.883«88%. 


(b) At X = 650 nm 


— = cos 


27i(l.38)(99.6nm) n 
650nm 2 


= 0.942 «94%. 


102. (a) We use A;y = DXId (see Sample Problem 35-2). Because of the placement of the 
mirror in the problem D = 2(20.0 m) = 40.0 m, which we express in millimeters in the 
calculation below: 

DX (4.00 x IO 4 mm)(632.8 x IO" 6 mm) 

d = = = 0.253 mm . 

Ay 100 mm 


(b) In this case the interference pattern will be shifted. At the location of the original 
central maximum, the phase difference is now 2.5 wavelengths, so there is now a 
minimum instead of a maximum. 


103. Let the position of the mirror measured from the point at which d\ = di be x. We 
assume the beam-splitting mechanism is such that the two waves interfere constructively 
for x = 0 (with some beam-splitters, this would not be the case). We can adapt Eq. 35-23 
to this situation by incorporating a factor of 2 (since the interferometer utilizes directly 
reflected light in contrast to the double-slit experiment) and eliminating the sin 0 factor. 
Thus, the phase difference between the two light paths is A(f> = 2(2nx/X) = AnxIX. Then 
from Eq. 35-22 (writing 4/o as I m ) we find 


ÍA^ 


Í2nx^ 

= / m cos2 


( 2 J 


V X ) 


104. (a) Since n 2 > m, this case has no rc-phase shift, and the condition for constructive 
interference is mX = 2Ln 2 . We solve for L: 


L = 


mX m(525 nm) 


(169 nm)m. 


2n 2 2(1.55) 


For the minimum value of L, let m = 1 to obtain L^_ a =169 nm. 

(b) The light of wavelength X (other than 525 nm) that would also be preferentially 
transmitted satisfies m'X = 2n 2 L, or 


Here m' = 2,3,4, • • • (note that m' = 1 corresponds to the X = 525 nm light, so it should not 
be included here). Since the minimum value of m' is 2, one can easily verify that no m' 
will give a value of X which falis into the visible light range. So no other parts of the 
visible spectrum will be preferentially transmitted. They are, in fact, reflected. 

(c) For a sharp reduction of transmission let 


X = 


2n 2 L _ 2(1.55) (169 nm) _ 525 nm 


m' m' m' 


X = 


2n 2 L 525 nm 


m' + 1/2 m' + 1/2 ' 


where m' = 0, 1, 2, 3, .... In the visible light range m' = 1 and X = 350 nm. This 
corresponds to the blue-violet light. 


105. The phase difference in radians is 

2nt 


The problem implies m = 5, so the thickness is 


(n 2 -n r ) = 2mn. 


mX 5(480 nm) , 

t = = -i ^ = 8.0xl0 3 nm = 8.0//m. 

n 2 - n x 1.7 - 1.4 


106. We use Eq. 35-36: 


( 1 N 

Á 


^ 0 

16 + - 


6 + - 

l 2 y 

2n 2 ' 


v 2j 


2n,, 


The difference between these, using the fact that n 2 = n air = 1.0, is 


/^\ 480nm „ 4nn „ , 
he ~L 6 = ( 10 )^-^- = 2400nm = 2 - 4 ^ m - 


107. (a) Every time one more destructive (constructive) fringe appears the increase in 
thickness of the air gap is X/2. Now that there are 6 more destructive fringes in addition to 
the one at point A, the thickness at B is 

t B = 6(X/2) = 3(600 nm) = 1.80 jum. 

(b) We must now replace X by X' = Xln w . Since t B is unchanged t B = N(X72) = N(X/2n w ), 
or 

N = ^ = &^ = 6n w =6(l33) = S. 
X X 


Counting the one at point A, a total of nine dark fringes will be observed. 


108. Let the m = 10 bright fringe on the screen be a distance y from the central maximum. 
Then from Fig. 35-10(a) 


r i ~ r i = ^{y + d / 2 T + 1)2 - yj{y - d / 2 ) 2 +D 2 = 10A, , 


from which we may solve for y. To the order of (d/D) we find 

v(v 2 + J 2 /4) 


y = y 0 +- 


2D 2 


where y 0 = lODX/d. Thus, we find the percent error as follows: 


y 0 (y 2 0 + d 2 /4)_i 
2y Q D 2 2 


V D j 


+ - 


5.89//m 
2000//m 


+ - 


2.0 mm 
v 40mm j 


which yields 0.032%. 


109. A light ray traveling directly along the central axis reaches the end in time 


^direct 


L n x L 

v, 


For the ray taking the criticai zig-zag path, only its velocity component along the core 
axis direction contributes to reaching the other end of the fiber. That component is 
vi cos 6 ', so the time of travei for this ray is 


zig zag 


v i cosé? ' ^-(sintf/n,) 2 


using results from the previous solution. Plugging in sin 6 = *\n\ -n\ and simplifying, 
we obtain 


2 T 

n x L 


zig zag 


:{n 2 /hJ 


The difference is 


n, L n,L n.L 

At = t ■ -t.. ,= — — = - J — 

zig zag direct 
- - ., .. .. c 


^-1 


\ H 2 J 


With n\ = 1.58, ni = 1.53 and L = 300 m, we obtain 


At = - L - 

c 


(1.58)(300 m) 


K n 2 J 


3.0x10 m/s 


1.58 
1.53 


= 5.16xl0- 8 s = 51.6ns 


110. The minimum speed of the electron is 

Vmin = c/n = (2.998 x 10 8 m/s)/1.54 = 1.95 x 10 8 m/s. 


111. (a) The path length difference is 0.5 /um = 500 nm, which is represents 500/400 = 
1.25 wavelengths — that is, a meaningful difference of 0.25 wavelengths. In angular 
measure, this corresponds to a phase difference of (0.25)271 = n/2 radians «1.6 rad. 

(b) When a difference of index of refraction is involved, the approach used in Eq. 35-9 is 
quite useful. In this approach, we count the wavelengths between Si and the origin 

A7 Ln L'n' 

N, = — + 

X X 

where n = 1 (rounding off the index of air), L = 5.0 jum, n' = 1.5 and L' = 1.5 jum. This 
yields Ni = 18.125 wavelengths. The number of wavelengths between 52 and the origin is 
(with L 2 = 6.0 /um) given by 

N 2 =i^ = 15.000. 

2 X 


Thus, Ni - N2 = 3.125 wavelengths, which gives us a meaningful difference of 0.125 
wavelength and which "converts" to a phase of tt/4 radian « 0.79 rad. 


112. Using Eq. 35-16 with the small-angle approximation (illustrated in Sample Problem 
35-2), we arrive at 

Ím + \)XD 

for the position of the (m + l) th dark band (a simple way to get this is by averaging the 
expressions in Eq. 35-17 and Eq. 35-18). Thus, with m = 1, y = 0.012 m and d = 800À, we 
find D = 6.4 m. 


113. (a) We are dealing with a symmetric situation (with the film index n 2 = 1.5 being 
less than that of the materiais bounding it), and with reflected light, so Eqs. 35-36 and -37 
apply with their stated applicability. Both can be written in the forni 

2ã2L r half-integer for bright 
X ~ integer for dark 

Thus, we find 2n 2 L/X = 3, so that we find the middle of a dark band at the left edge of the 
figure. Since there is nothing beyond this "middle" then a more appropriate phrasing is 
that there is half of a dark band next to the left edge, being darkest precisely at the edge. 

(b) The right edge, where they touch, satisfies the dark reflection condition for L = 0 
(where m = 0), so there is (essentially half of) a dark band at the right end. 

(c) Counting half-bands and whole bands alike, we find four dark bands: (m = 0, 1,2, 3). 


1 14. (a) In this case, the film has a smaller index material on one side (air) and a larger 
index material on the other (glass), and we are dealing (in part (a)) with strongly 
transmitted light, so the condition is given by Eq. 35-37 (which would give dark 
reflection in this scenario) 


L = 


í 


1 


m + — | = 110 nm 

1n 2 \ 2 . 


for n 2 = 1.25 and m = 0. 


(b) Now, we are dealing with strongly reflected light, so the condition is given by Eq. 35- 
36 (which would give no transmission in this scenario) 

mk „„„ 
L = = 220nm 

2n 2 


for n 2 = 1.25 and m = 1 (the m = 0 option is excluded in the problem statement). 


115. (a) Straightforward application of Eq. 35-3 and v = Ax/At yields the result: film 1. 

(b) The traversal time is equal to 4.0 x 10 r s. 

(c) Use of Eq. 35-9 leads to the number of wavelengths: 

N = L,n, + L 2 n 2 + L 3 n 3 = ? g 
A, 


116. (a) Following Sample Problem 35-1, we have 

^-^=^-0 = 1.87 


which represents a meaningful difference of 0.87 wavelength. 

(b) The result in part (a) is closer to 1 wavelength (constructive interference) than it is to 
1/2 wavelength (destructive interference) so the latter choice applies. 

(c) This would insert a ±1/2 wavelength into the previous result — resulting in a 
meaningful difference (between the two rays) equal to 0.87 - 0.50 = 0.37 wavelength. 

(d) The result in part (c) is closer to the destructive interference condition. Thus, there is 
intermediate illumination but closer to darkness. 


117. (a) With X = 0.5 jum, Eq. 35-14 leads to 


6 = sin 


(3)(0.5//m) 


= 48.6°. 


2.00 jum 


(b) Decreasing the frequency means increasing the wavelength — which implies y 
increases, and the third side bright fringe moves away from the center of the pattern. 
Qualitatively, this is easily seen with Eq. 35-17. One should exercise caution in appealing 
to Eq. 35-17 here, due to the fact the small angle approximation is not justified in this 
problem. 

(c) The new wavelength is 0.5/0.9 = 0.556 jum, which produces a new angle of 


6 = sin 


(3)(0.556//m) 
2.00 jum 


= 56.4°. 


Using y = D tan 6íox the old and new angles, and subtracting, we find 


Av = D(tan56.4°-tan48.6°) = 1.49 m. 


118. Light reflected from the upper oil surface (in contact with air) changes phase by 
7i rad. Light reflected from the lower surface (in contact with glass) changes phase by 
n rad if the index of refraction of the oil is less than that of the glass and does not change 
phase if the index of refraction of the oil is greater than that of the glass. 

• First, suppose the index of refraction of the oil is greater than the index of refraction of 
the glass. The condition for fully destructive interference is 2n 0 d = mX, where d is the 
thickness of the oil film, n„ is the index of refraction of the oil, A, is the wavelength in 
vacuum, and m is an integer. For the shorter wavelength, 2n Q d = m{X\ and for the longer, 
2n 0 d = m 2 A, 2 . Since Xi is less than X 2 , m\ is greater than m 2 , and since fully destructive 
interference does not occur for any wavelengths between, m\ = ra 2 + 1. Solving (m 2 + 
\)X] = m 2 À 2 for m 2 , we obtain 


Since m 2 must be an integer, the oil cannot have an index of refraction that is greater than 
that of the glass. 

• Now suppose the index of refraction of the oil is less than that of the glass. The 
condition for fully destructive interference is then 2n a d = (2m + l)X. For the shorter 
wavelength, 2m 0 d = (2m,\ + l)X,i, and for the longer, 2n„d = (2m 2 + l)X 2 . Again, 
m l = m 2 +1 so (2m 2 + 3)Ài = (2m 2 + 1)A, 2 . This means the value of m 2 is 


i 500 nm 


= 2.50. 


X 2 -X l 700nm-500nm 


m 1 = 


3X l -X 2 _ 3(500 nm)- 700 nm 


= 2.00. 


2(X 2 -X l ) 2(700 nm - 500 nm) 


This is an integer. Thus, the index of refraction of the oil is less than that of the glass. 


119. (a) Straightforward application of Eq. 35-3 « = c/vand v = Ax/Aí yields the result: 
pistol 1 with a time equal to At = nAxIc = 42.0 x 10 12 s = 42.0 ps. 

(b) For pistol 2, the travei time is equal to 42.3 x 10" s. 

(c) For pistol 3, the travei time is equal to 43.2 x IO -12 s. 

(d) For pistol 4 the travei time is equal to 41.8 x 10" s. 

(e) We see that the blast from pistol 4 arrives first. 


120. (a) Dividing Eq. 35-12 by the wavelength, the number of wavelengths is 

N = — = -wie=39.6. 


(b) This is close to a half-integer value (destructive interference), so that the correct 
response is "intermediate illumination but closer to darkness." 


121. We take the electric field of one wave, at the screen, to be 



Here d is the center-to-center slit separation and X is the wavelength. The resultant wave 
can be written E = E { + E 2 = E sin(<yí + a) , where a is a phase constant. The phasor 

diagram is shown above. The resultant amplitude E is given by the trigonometric law of 
cosines: 

E 2 = E 2 +(2E Q f -4£ 2 cos(l80°-^) = E 2 (5 + 4cos^) . 


The intensity is given by / = 7 0 (5 + 4cos^) , where Iq is the intensity that would be 
produced by the first wave if the second were not present. Since cos^ = 2 cos 2 (0/2)- 1, 
this may also be written as 

/ = / o [l + 8cos 2 (0/2)]. 


122. (a) To get to the detector, the wave from S\ traveis a distance x and the wave from S2 

traveis a distance + x 2 . The phase difference (in terms of wavelengths) between the 
two waves is 

yjd 2 +x 2 - x = rrík m = 0, 1, 2, . . . 
where we are requiring constructive interference. The solution is 

j2 2o 2 

a -m K 

x = . 

2mX 

We see that setting m = 0 in this expression produces x = 00; hence, the phase difference 
between the waves when P is very far away is 0. 

(b) The result of part (a) implies that the waves constructively interfere at P. 

(c) As is particularly evident from our results in part (d), the phase difference increases as 
x decreases. 

The condition for constructive interference is (f) = 2nm orAL = mÀ'm, and the condition 
for destructive interference is <fi = 2it{m + 1/2) or AL = (m + 1 / 2)2 , with m = 0, 1,2,... 

For parts (d) - (o), we can use our formula from part (a) for the Q.5X, 1.50À, etc. 
differences by allowing m in our formula to take on half-integer values. The half-integer 
values, though, correspond to destructive interference. 

(d) When the phase difference is </> = 0 , the interference is fully constructive, 

(e) and the interference occurs at x = co . 

(f) When AL = 0.500/1 (m = 1/2) , the interference is fully destructive. 

(g) Using the values X = 0.500 /um and d = 2.00 //m, we find x = 7.88 /um for m = 1 / 2 . 

(h) When AL = 1.002 (m = 1) , the interference is fully constructive. 

(i) Using the formula obtained in part (a), we have* = 3.75 /um for m = 1. 
(j) When AL = 1.5002 (m = 3 / 2) , the interference is fully destructive. 

(k) Using the formula obtained in part (a), we have x = 2.29 /um for m = 3 / 2 . 

(1) When AL = 2.002 (m = 2) , the interference is fully constructive. 

(m) Using the formula obtained in part (a), we have x = 1.50 /um for m = 2. 

(n) When AL = 2.5002 (m = 5/2) , the interference is fully destructive. 

(o) Using the formula obtained in part (a), we have x = 0.975 /um for m = 5/ 2 . 


123. (a) The binomial theorem (Appendix E) allows us to write 
^k(l + x) = 4k 


( 2 o 3 A 

1 + — + — + — +••• 
2 8 48 


4k + — 4k 
2 


for x <C 1. Thus, the end result from the solution of Problem 35-75 yields 


and 


'm+l 


RXm 

'•+-] 

v 2mJ 


3 1 

^RXm 

1 + — 


^ 2m ) 


« V 7?A,m + — — V 7?A,m 
4m 


y/RXm H *jRXm 

Am 


for very large values of m. Subtracting these, we obtain 


Ar = -^—^RXm — ^—sjRXm = — J— — 
Am Am 2\m 


(b) We take the differential of the area: dA = d(nr ) = 2nr dr, and replace dr with Ar in 
anticipation of using the result from part (a). Thus, the area between adjacent rings for 
large values of m is 


2nr m (Ar)*2n(jRXm + — jRXm} -J^- « 2%URXm) -J^- 
\ Am ){2\m) v '{2\m 


which simplifies to the desired result (nXR). 


1. (a) The condition for a minimum in a single-slit diffraction pattern is given by 


a sin 6= mX, 

where a is the slit width, X is the wavelength, and m is an integer. For X = X a and m = 1, 
the angle #is the same as for X = Xb and m = 2. Thus, 

X a = 2X h = 2(350 nm) = 700 nm. 

(b) Let m a be the integer associated with a minimum in the pattern produced by light with 
wavelength X a , and let m h be the integer associated with a minimum in the pattern 
produced by light with wavelength Xb. A minimum in one pattern coincides with a 
minimum in the other if they occur at the same angle. This means m a X a = rribkb- Since X a 
= 2Xb, the minima coincide if 2m a = mb. Consequently, every other minimum of the Xb 
pattern coincides with a minimum of the X a pattern. With m a =2, we have m h = 4. 

(c) With m a =3, we have m b = 6. 


2. (a) 0= sirT 1 (1.50 cm/2.00 m) = 0.430°. 

(b) For the mth diffraction minimum a sin 6= ník. We solve for the slit width: 

mX 2(441nm) 

a = = — = 0.1 18 mm . 

sin^ sin 0.430° 


3. The condition for a minimum of a single-slit diffraction pattern is 


a sin 6 = rtík 


where a is the slit width, X is the wavelength, and m is an integer. The angle 0 is 
measured from the forward direction, so for the situation described in the problem, it is 
0.60° for m = 1. Thus, 

mk 633xl(T 9 m .„ 5 

a = = = 6.04 x 10 m . 

sin6> sin 0.60° 


4. From Eq. 36-3, 

a m 1 
X ~ ún6~ sin45.0 


5. (a) A plane wave is incident on the lens so it is brought to focus in the focal plane of 
the lens, a distance of 70 cm from the lens. 

(b) Waves leaving the lens at an angle 6 to the forward direction interfere to produce an 
intensity minimum if a sin 6= rrík, where a is the slit width, X is the wavelength, and m is 
an integer. The distance on the screen from the center of the pattern to the minimum is 
given by y = D tan 0, where D is the distance from the lens to the screen. For the 
conditions of this problem, 




= 1.475x10 


,-3 


0.40x10 3 m 


This means 0= 1.475 x 10~ 3 radand 


y = (0.70 m) tan( 1.475 x IO 3 rad) = 1.0 x IO 3 m. 


6. (a) Eq. 36-3 and Eq. 36-12 imply smaller angles for diffraction for smaller wavelengths. 
This suggests that diffraction effects in general would decrease. 

(b) Using Eq. 36-3 with m = 1 and solving for 26 (the angular width of the central 
diffraction maximum), we find 


26 = 2 ún 


\aj 


= 2sin 


^ 0.50 nO 
v 5.0m j 


= 11°. 


(c) A similar calculation yields 0.23° for X = 0.010 m. 


7. (a) We use Eq. 36-3 to calculate the separation between the first (mi = 1) and fifth 
(m 2 =5)minima: 


( mX^ 


DX . DX 


Ay = DAsin0=DA = Am = (rr^-mA . 

V a J a a 

Solving for the slit width, we obtain 

mk-m,) (400mm)(550xl0- 6 mm)(5-l) 

a = = = 2.5 mm 

Ay 0.35 mm 

(b) For m = 1, 

• fí mX (l)(550xlQ- 6 mm) 

sin6' = = = 2.2x10 . 

a 2.5 mm 


The angle is 0= sirT 1 (2.2 x IO" 4 ) = 2.2 x 10^ rad. 


8. From y = rríkLIa we get 


A fmXL) XL 4 (632.8 nm)(2.60) Mrt /i/wl 

Ay = Á = — Am = - -[l0-(-l0)] = 24.0mm 

\ a J a l.37mm 


9. The condi tion for a minimum of intensity in a single-slit diffraction pattern is a sin 6 = 
rtík, where a is the slit width, X is the wavelength, and m is an integer. To find the angular 
position of the first minimum to one side of the central maximum, we set m = 1: 


6, = sin 


í- 


= sin 


A 589xlQ' 9 m A 
v 1.00xl(r 3 my 


= 5.89 x 10 rad 


If D is the distance from the slit to the screen, the distance on the screen from the center 
of the pattern to the minimum is 

y v = Dtanfl, = (3.00m)tan(5.89 x 1(T 4 rad) = 1.767 x 1(T 3 m . 


To find the second minimum, we set m = 2: 


6 2 = sin 


2(589 x 1(T 9 mp 
1.00x10 3 m 


= 1.178 x 10 3 rad 


The distance from the center of the pattern to this second minimum is 

y 2 = D tan 6 2 = (3.00 m) tan (1.178 x IO 3 rad) = 3.534 x IO 3 m. 
The separation of the two minima is 


Ay = y 2 - y\ = 3.534 mm - 1.767 mm = 1.77 mm. 


10. Let the first minimum be a distance y from the central axis which is perpendicular to 
the speaker. Then 


sin6'= y/(D 2 +y 2 ) / =mX/a = X/a (form= 1). 
Therefore, 

D D lOOm 

y = -j=== = -j= 2 =-|= 2 =41.2m 

^/(a/À) 2 -l <J(af/v s ) 2 -l ^[(0.300 m) (3000 Hz)/( 343 m/s)] 2 -1 


11. (a) e= siiT 1 (0.011 m/3.5 m) = 0.18 c 


(b) We use Eq. 36-6: 


a = 


rc(0.025mm)sin0.18° 
sin 0 = — 4 = 0.46 rad 


538 x IO 6 mm 


(c) Making sure our calculator is in radian mode, Eq. 36-5 yields 

= 0.93 . 


sin« 


\ a ) 


12. We will make use of arctangents and sines in our solution, even though they can be 
"shortcut" somewhat since the angles are small enough to justify the use of the small 
angle approximation. 

(a) Given y/D = 15/300 (both expressed here in centimeters), then 6= tan l (ylD) = 2.86°. 
Use of Eq. 36-6 (with a = 6000 nm and X = 500 nm) leads to 


raísin 0 7T 6000 nm sin 2.86° 
a = = — = 1 


500 nm 


883 rad 


Thus, 


sin« 


V a ) 


= 0.256 


(b) Consider Eq. 36-3 with "continuously variable" m (of course, m should be an integer 
for diffraction minima, but for the moment we will solve for it as if it could be any real 
number): 

a sin 0 (6000 nm) sin 2.86° n rn 

m = = « 0.60 . 

X 500 nm 


which suggests that the angle takes us to a point between the central maximum (9 cen tr = 0) 
and the first minimum (which corresponds to m = 1 in Eq. 36-3). 


13. We note that 1 nm = 1 xlO 9 m = 1 xlO 6 mm. From Eq. 36-4, 


A<f> = — (Axsiné 1 ) = 

yx J 


2k 


^^O.lOmm^ 


589 x 10 mm 


sin 30°= 266.7 rad 


J 


This is equivalent to 266.7 rad - 847t = 2.8 rad = 160°. 


14. (a) The slope of the plotted line is 12, and we see from Eq. 36-6 that this slope should 
correspond to 

na 12À 12(610 nm) 

— = 12 => a= = = 2330 nm « 2.33 jum 

À TC TC 

(b) Consider Eq. 36-3 with "continuously variable" m (of course, m should be an integer 
for diffraction mínima, but for the moment we will solve for it as if it could be any real 
number): 

a , v a 2330 nm 

ffl, = — sin 0) = — = « 3.82 

max Á y JmRX Á 610 nm 

which suggests that, on each side of the central maximum (6 , cen tr= 0), there are three 
minima; considering both sides then implies there are six minima in the pattern. 

(c) Setting m = 1 in Eq. 36-3 and solving for é^yields 15.2°. 


(d) Setting m = 3 in Eq. 36-3 and solving for é^yields 51.8°. 


15. (a) The intensity for a single-slit diffraction pattern is given by 


/ = /. 


sin a 


a 


where a is described in the text (see Eq. 36-6). To locate the extrema, we set the 
derivative of / with respect to a equal to zero and solve for a. The derivative is 

dl _ T sin a , . x 

— = 21 — r— ( a cos a - sm a ) . 
da a 

The derivative vanishes if a ^ 0 but sin a = 0. This yields « = mn, where m is a nonzero 
integer. These are the intensity minima: / = 0 for a = mn. The derivative also vanishes for 
a cos a - sin a = 0. This condition can be written tan a= a. These implicitly locate the 
máxima. 


(b) The values of a that satisfy tan a = a can be 
found by trial and error on a pocket calculator or 
computer. Each of them is slightly less than one of 
the values (m + \)n rad , so we start with these values. 

They can also be found graphically. As in the 
diagram that follows, we plot y = tan a and y = a on 
the same graph. The intersections of the line with the 
tan a curves are the solutions. The smallest a is 
a = 0. 


1 1 1 


1 y = tan a \ / 


\y = tan a 

1 X y a / 



0 n/2 n 3n/2 a (rad) 

0 and 


(c) We write a = (m + \)n for the máxima. For the central maximum, a 
m = -1/2 = -0.500. 

(d) The next one can be found to be a = 4.493 rad. 

(e) For a = 4.4934, m = 0.930. 

(f) The next one can be found to be a = 7.725 rad. 


(g) For a =7.7252, m= 1.96. 


16. Consider Huygens' explanation of diffraction phenomena. When A is in place only 
the Huygens' wavelets that pass through the hole get to point P. Suppose they produce a 
resultant electric field E A . When B is in place, the light that was blocked by A gets to P 
and the light that passed through the hole in A is blocked. Suppose the electric field at P 
is now E B . The sum E A + E B is the resultant of ali waves that get to P when neither A nor 
B are present. Since P is in the geometric shadow, this is zero. Thus E A = -E B , and since 
the intensity is proportional to the square of the electric field, the intensity at P is the 
same when A is present as when B is present. 


17. (a) The intensity for a single-slit diffraction pattern is given by 


/ = /. 


sin a 


a 


where a = (na/X) sin 0, a is the slit width and X is the wavelength. The angle 0 is 
measured from the forward direction. We require / = IJ2, so 


• 2 1 2 

sin a = —a 
2 


(b) We evaluate sin 2 a and « 2 /2 for a = 1.39 rad and compare the results. To be sure 

that 1.39 rad is closer to the correct value for a than any other value with three significant 
digits, we could also try 1.385 rad and 1.395 rad. 


(c) Since a = (na/X) sin 0, 


6 = sin 


f aX^ 


\ na ) 


Now a/n = 1.39/ti = 0.442, so 


0= sin 


0.442^ 

V a ) 


The angular separation of the two points of half intensity, one on either side of the center 
of the diffraction pattern, is 


A0 = 20 = 2sin -1 


0.442). 

V a ) 


(d) For a/X = 1.0, 


A0 = 2 sin" 1 (0.442/1.0) = 0.9 16 rad = 52.5° . 


(e) For a/X = 5.0, 


A0 = 2 sin 1 (0.442/5.0) = 0. 177 rad = 10. 1 c 


(f) For a/X = 10, A0 = 2 sin -1 (0.442/10) = 0.0884 rad = 5.06° 


18. Using the same notation found in Sample Problem 36-3, 

L R d 

where we will assume a "typical" wavelength for visible light: X « 550 x 10 9 m. 

(a) With L = 400 x 10 3 m and D = 0.85 m, the above relation leads to d = 0.32 m. 

(b) Now with D = 0.10 m, the above relation leads to d = 2.7 m. 

(c) The military satellites do not use Hubble Telescope-sized apertures. A great deal of 
very sophisticated optical filtering and digital signal processing techniques go into the 
final product, for which there is not space for us to describe here. 


19. Using the notation of Sample Problem 36-3, 


_ D D (5.0xl(T 2 m)(4.0xlCr 3 m) , , in6 1 , in3l 

L = — = = - - 5 - = 1.6x10 m = 1.6x10 km 

0 R 1.22X1 d 1.22(0.10xl0~ 9 m) 


20. (a) Using the notation of Sample Problem 36-3, the minimum separation is 

1.22 X } (400 x 10 3 m) (1.22) (550 x IO" 9 m) 


D = L0 R = L 


(0.005 m) 


50 m. 


(b) The Rayleigh criterion suggests that the astronaut will not be able to discern the Great 
Wall (see the result of part (a)). 


(c) The signs of intelligent life would probably be, at most, ambiguous on the sunlit half 
of the planet. However, while passing over the half of the planet on the opposite side 
from the Sun, the astronaut would be able to notice the effects of artificial lighting. 


21. (a) We use the Rayleigh criteria. Thus, the angular separation (in radians) of the 
sources must be at least 6k = 1.22AVJ, where X is the wavelength and d is the diameter of 
the aperture. For the headlights of this problem, 


1.22(550xl(T 9 m) 

On = - 5 ^ = 1.34xl(T 4 rad, 

K 5.0x10 3 m 


or 1.3x10 rad , in two significant figures. 


(b) If L is the distance from the headlights to the eye when the headlights are just 
resolvable and D is the separation of the headlights, then D = L&r, where the small angle 
approximation is made. This is valid for 6k in radians. Thus, 


22. We use Eq. 36-12 with 6 = 2.572 = 1.25°. Thus, 


, 1.22A, 122(550 nm) 

d = = - = 31 um. 

sin# sinl.25° 


23. Using the notation of Sample Problem 36-3, the minimum separation is 


D = L0 R = L 


X\ , „ N (l.22)(550xlCT 9 m) 

1.22- = 3.82xl0 8 m V- ^ ^ = 50m 

d) V ; 5.1m 


24. Using the notation of Sample Problem 36-3, the minimum separation is 

f 1.22 A/ 


D = L0 R = L 


, a ,(l.22)(l.6xl0 _2 m) 
: (6.2 x 10- m) v M >- = 53 m 


2.3m 


25. (a) We use the Rayleigh criteria. If L is the distance from the observer to the objects, 
then the smallest separation D they can have and still be resolvable is D = L6k, where 0r 
is measured in radians. The small angle approximation is made. Thus, 


122 Lk 122(8.0 x IO 10 m)(550xl(T 9 m) 
d= lzz j la = v A ^ = l.lxl0 7 m=l.lxl0 4 km. 

d 5.0x10 3 m 

This distance is greater than the diameter of Mars; therefore, one part of the planet's 
surface cannot be resolved from another part. 

(b) Now d = 5. 1 m and 


1.22Í 8.0 x 10 10 m)Í550 x 10 9 m) 

' = = 1.1 : 


D = ^ ^ '- = 1.1 x IO 4 m = 1 1 km 

5.1 m 


26. Using the notation of Sample Problem 36-3, the maximum distance is 

D D (5.0x10 3 m) (4.0x10 3 m) 

L = = = jí L± L — 30 m 

6 R l.llX/d 1.22(550xl0" 9 m) 


27. (a) Using the notation of Sample Problem 36-3, 

D 2(50xl(T 6 m)(1.5xl(T 3 m) nin 

L = = õ = 0.19 m • 

\2Tkld 1.22(650 x IO" 9 m) 

(b) The wavelength of the blue light is shorter so <x X~ x will be larger. 


28. From Fig. 36-44(a), we find the diameter D' on the retina to be 

D' = D — = (2.00 mm) 2 '°° ° m = 0.0889 mm . 
L 45.0 cm 


Next, using Fig. 36-44(b), the angle from the axis is 

0.0889 mm/2 


0 = tarT 1 



f 


= tarT 1 

V x J 

V 


6.00 mm 


= 0.424 c 


Since the angle corresponds to the first minimum in the diffraction pattern, we have 
siné? = 1.22/1 1 d , where X is the wavelength and d is the diameter of the defect. With 
A, = 550 nm, we obtain 


, 1.222 1.22(550 nm) .__ 5 

d = = ^ = 9.06x10 m«91//m. 

sin^ sin(0.424°) 


29. (a) The first minimum in the diffraction pattern is at an angular position 0, measured 
from the center of the pattern, such that sin 6= \22Xld, where X is the wavelength and d 
is the diameter of the antenna. If/is the frequency, then the wavelength is 


X = - = 


c 3.00 x IO 8 m/s 


/ 220xlO y Hz 


= 1.36 x 10 3 m 


Thus, 


0 = shT 


1.22 X 


= sin 


1.22(1.36 x IO -3 mp 

55.0x10 2 m 

V J 


= 3.02 x IO" 3 rad 


The angular width of the central maximum is twice this, or 6.04 x 10 3 rad (0.346°). 
(b) Now X= 1.6 cm and d = 2.3 m, so 


1.22(l.6 x IO" 2 mp 


2.3 m 


= 8.5xl0~ 3 rad 


The angular width of the central maximum is 1.7 x 10 rad (or 0.97°). 


30. (a) Weuse Eq. 36-12: 


6 = siiT 


1.22/1 


= sin 


"l-22(v.//)" 


= sin 


(l.22)(l450m/s) 
(25xl0 3 Hz)(0.60m) 


(b) Now/= 1.0 x 10 Hz so 

1.22A, 


(1.22) (1450 m/s) 
d ~ (l.0xl0 3 Hz)(0.60m) 


= 2.9 > 1. 


Since sin 6 cannot exceed 1 there is no minimum. 


31. Eq. 36-14 gives the Rayleigh angle (in radians): 

. 1.22/1 D 
R d L 

where the rationale behind the second equality is given in Sample Problem 36-3. 

(a) We are asked to solve for D and are given X= 1.40 x 10" m, d = 0.200 x 10 3 m, and 
L = 2000xl0 3 m. Consequently, we obtain D = 17.1 m. 

(b) Intensity is power over area (with the area assumed spherical in this case, which 
means it is proportional to radius-squared), so the ratio of intensities is given by the 
square of a ratio of distances: (d/D) 2 = 1.37 x 10" . 


32. Eq. 36-14 gives 0r = 1.22X1 d, where in our case 0r « D/L, with D = 60 /mi being the 
size of the object your eyes must resolve, and L being the maximum viewing distance in 
question. If d = 3.00 mm = 3000 /um is the diameter of your pupil, then 


L= ^j6oH(3oooH = 27xio5 

1.22 A, 1.22(0.55 //m) 


33. (a) Using Eq. 36-14, the angular separation is 


1.22À_(l-22)(550xl0- 9 m) 


On =- = - - ^ = 8.8xl0~ 7 rad . 

R d 0.76 m 

(b) Using the notation of Sample Problem 36-3, the distance between the stars is 

(I01y)(9.46xl0 12 km/ly)(0.18)7r 

D = LB R = -^— / w \ ,K ^- = 8.4xl0 7 km. 

(3600)(180) 


(c) The diameter of the first dark ring is 


2(0.18)(7t)(l4m) 

d = 20 R L = -\ A W A - ' = 2.5 x IO" 5 m = 0.025 mm 

(3600)(180) 


34. (a) Since 6 = 1.22X1 d, the larger the wavelength the larger the radius of the first 
minimum (and second maximum, etc). Therefore, the white pattern is outlined by red 
lights (with longer wavelength than blue lights). 


(b) The diameter of a water drop is 


35. In a manner similar to that discussed in Sample Problem 36-5, we find the number is 
2(d/a) - 1 = 2(2a/a) -1 = 3. 


36. Following the method of Sample Problem 36-5, we find 

d 0.30x10 3 m 


a 46xl0~°m 


= 6.52 


which we interpret to mean that the first diffraction minimum occurs slightly farther 
"out" than the m = 6 interference maximum. This implies that the central diffraction 
envelope includes the central (m = 0) interference maximum as well as six interference 
máxima on each side of it. Therefore, there are 6+1 + 6=13 bright fringes (interference 
máxima) in the central diffraction envelope. 


37. Bright interference fringes occur at angles 6 given by d sin 6 = rtík, where m is an 
integer. For the slits of this problem, we have d = 1 la/2, so 

a sin 6= ImklW 

(see Sample Problem 36-5). The first minimum of the diffraction pattern occurs at the 
angle 6\ given by a sin 0\ = X, and the second occurs at the angle Oi given by a sin (h = 
2X, where a is the slit width. We should count the values of m for which 6\ < 6 < (h, or, 
equivalently, the values of m for which sin 0\ < sin 0< sin &i. This means 1 < (2m/ll) < 
2. The values are m = 6, 7, 8, 9, and 10. There are five bright fringes in ali. 


38. The angular location of the mth bright fringe is given by d sin 6= mX, so the linear 
separation between two adjacent fringes is 


Ay = A(D sin 0) = A 


DJk 


DX DX 

Am = 


39. (a) The angular positions é^of the bright interference fringes are given by d sin 6= mX, 
where d is the slit separation, X is the wavelength, and m is an integer. The first 
diffraction minimum occurs at the angle 0\ given by a sin 0\ = X, where a is the slit width. 
The diffraction peak extends from -6\ to +6*i, so we should count the number of values of 
m for which -6\ < 0< or, equivalently, the number of values of m for which - sin 6\ 
< sin 6< + sin 0\. This means - lia < ml d < lia or -dia < m < +d/a. Now 

dia = (0.150 x 10~ 3 m)/(30.0 x IO" 6 m) = 5.00, 

so the values of m are m = -4, -3, -2, -1, 0, +1, +2, +3, and +4. There are 9 fringes. 

(b) The intensity at the screen is given by 

/ = / m cos 2 /? 

\ a ) 

where a = (na/X) sin 6, f3= (nd/X) sin 0, and l m is the intensity at the center of the pattern. 
For the third bright interference fringe, d sin 0 = 3X, so /? = 371 rad and cos J3 = 1. 
Similarly, a = 3na/d = 37t/5.00 = 0.6007t rad and 


f sin a N 

2 

f sin 0.600ti^ 

l « J 


V O.óOOtt J 


= 0.255 . 


The intensity ratio is III m = 0.255. 


40. (a) In a manner similar to that discussed in Sample Problem 36-5, we find the ratio 
should be dia = 4. Our reasoning is, briefly, as follows: we let the location of the fourth 
bright fringe coincide with the first minimum of diffraction pattern, and then set sin 9 = 
4X1 d = XI a (so d = 4a). 

(b) Any bright fringe which happens to be at the same location with a diffraction 
minimum will vanish. Thus, if we let 

. . m,À m 0 À m,À 
sin 0 = — — = = — — , 
d a 4a 


or m\ = 4ni2 wherem 2 = 1,2, 3, ■ • ■ . The fringes missing are the 4th, 8th, 12th, and so on. 
Hence, every fourth fringe is missing. 


41. (a) The first minimum of the diffraction pattern is at 5.00°, so 

X 0.440 jum 


a = 


sin6> sin5.00° 


= 5.05//m 


(b) Since the fourth bright fringe is missing, d = 4a = 4(5.05 /um) = 20.2 jum. 

(c) For the m = 1 bright fringe, 

na sin 6 _ 7t(5.05 jum) sin 1.25° 


a = 


X 


0.440 jum 


= 0.787 rad 


Consequently, the intensity of the m = 1 fringe is 


/ = /. 


f sin a A 


= (7.0mW/cm 2 ) 


sin 0.787 rad 
0.787 


= 5.7mW/cm 2 


which agrees with Fig. 36-47. Similarly for m = 2, the intensity is / = 2.9 mW/cm , also 
in agreement with Fig. 36-47. 


42. (a) We note that the slope of the graph is 80, and that Eq. 36-20 implies that the slope 
should correspond to 


nd 


, 802 80(435 nm) 1irv7 „ 
= 80 => d = = — - = 11077 nm«ll.l//m. 


n 


n 


(b) Consider Eq. 36-25 with "continuously variable" m (of course, m should be an integer 
for interference máxima, but for the moment we will solve for it as if it could be any real 
number): 

d i . d 11077 nm _ 
m„„ = — sin 0) = — = « 25.5 

mdX Á y 7max Á 435 nm 

which indicates (on one side of the interference pattern) there are 25 bright fringes. Thus 
on the other side there are also 25 bright fringes. Including the one in the middle, then, 
means there are a total of 51 máxima in the interference pattern (assuming, as the 
problem remarks, that none of the interference máxima have been eliminated by 
diffraction minima). 

(c) Clearly, the maximum closest to the axis is the middle fringe at 6= 0 o . 

(d) If we set m = 25 in Eq. 36-25, we find 


mX = dún0 


0 = sin 


m/l 


\ a j 


sin 


(25)(435 nm) 
11077 nm 


:79.0 o 


43. We will make use of arctangents and sines in our solution, even though they can be 
"shortcut" somewhat since the angles are [almost] small enough to justify the use of the 
small angle approximation. 


(a) Given y/D = (0.700 m)/(4.00 m), then 


6 = tan 1 


(A 


= tan 


0.700 m 
4.00 m 


= 9.93° = 0. 173 rad. 


Eq. 36-20 then gives 


_ ndún0 7r(24.0//m)sin9.93° 
p = : = — ; ; = 21. 66 rad 


X 


0.600 pm 


Thus, use of Eq. 36-21 (with a = 12 um and X = 0.60 um) leads to 

naúnO 7r(l2.0//m)sin9.93° 

a = 

Thus, 


X 


0.600 pm 


■ = 10.83 rad 


' sin a x 


a 


(cos p) 2 = 


^sinlO.gSrad^ 2 


10.83 


(cos 21.66 rad) 2 =0.00743 


(b) Consider Eq. 36-25 with "continuously variable" m (of course, m should be an integer 
for interference máxima, but for the moment we will solve for it as if it could be any real 
number): 

dún6 _ (24.0//m)sin9.93° ^ 


m = 


X 


0.600 fim 


6.9 


which suggests that the angle takes us to a point between the sixth minimum (which 
would have m = 6.5) and the seventh maximum (which corresponds to m = 7). 

(c) Similarly, consider Eq. 36-3 with "continuously variable" m (of course, m should be 
an integer for diffraction minima, but for the moment we will solve for it as if it could be 
any real number): 

aún0 (l2.0//m)sin9.93° „ t 

m = = « 3.4 

X 0.600 fim 


which suggests that the angle takes us to a point between the third diffraction minimum 
(m = 3) and the fourth one (m = 4). The máxima (in the smaller peaks of the diffraction 
pattern) are not exactly midway between the minima; their location would make use of 
mathematics not covered in the prerequisites of the usual sophomore-level physics course. 


44. The angular location of the mth order diffraction maximum is given by rtík = d sin 6. 
To be able to observe the fifth-order maximum, we must let sin 61 m= 5 = 5X/d < 1, or 

. d 1.00 nm/ 315 „ r 

K< — = = 635 nm. 

5 5 

Therefore, the longest wavelength that can be used is X = 635 nm. 


45. The ruling separation is 

d = 1/(400 mm" 1 ) = 2.5 x IO 3 mm. 

Diffraction lines occur at angles 0 such that d sin 6 = mX, where X is the wavelength and 
m is an integer. Notice that for a given order, the line associated with a long wavelength 
is produced at a greater angle than the line associated with a shorter wavelength. We take 
X to be the longest wavelength in the visible spectrum (700 nm) and find the greatest 
integer value of m such that #is less than 90°. That is, find the greatest integer value of m 
for which mX < d. Since 

d _ 2.5xlQ- 6 m ^ 3g? 
X 700xl0- 9 m~ ' ' 


that value is m = 3. There are three complete orders on each side of the m = 0 order. The 
second and third orders overlap. 


46. We use Eq. 36-25 for diffraction máxima: d sin 6= mk. In our case, since the angle 
between the m = 1 and m = -1 máxima is 26°, the angle 0 corresponding to m = 1 is 6 = 
2672 = 13°. We solve for the grating spacing: 

J mk (l)(550nm) n A 

d = = ^ '- = 2.4//m « 2//m. 

sin ^ sin 13° 


47. The distance between adjacent rulings is 

d = 20.0 mm/6000 = 0.00333 mm = 3.33 jum. 

(a) Let ds'm0 = mk(m = 0,±1,±2,...) . Since \m\\ld > 1 for Iml > 6, the largest value of 6 
corresponds to I m I = 5, which yields 


0 = s'm 1 (\m\X/ d) = sin 


( 


5(0.589 fim) 
3.33//m 


= 62.1 C 


(b) The second largest value of 6 1 corresponds to Iml = 4, which yields 


0 = s'm 1 (lmlA./j) = sin 1 


r 4(0.589 //m)^ 


3.33 //m 


= 45.0° 


J 


(c) The third largest value of 6 1 corresponds to I m I = 3, which yields 


6> = sin- 1 (lmlÀ/í/) = sin 1 


3(0.589 //m) 
3.33//m 


= 32.0° 


48. We note that the central diffraction envelope contains the central bright interference 
fringe (corresponding to m = 0 in Eq. 36-25) plus ten on either side of it. Since the 
eleventh order bright interference fringe is not seen in the central envelope, then we 
conclude the first diffraction minimum (satisfying s'm0= XI a) coincides with the m = 11 
instantiation of Eq. 36-25: 

mX 11 X 
d= . n = . . = 11 a . 
sin 9 X/a 

Thus, the ratio d/a is equal to 11. 


49. (a) Since d = (1.00 mm)/180 = 0.0056 mm, we write Eq. 36-25 as 


( mk\ 

6> = sin- 1 — =sin _1 (180)(2)A, 

yd) 


where X, = 4 x 10 4 mm and X 2 = 5 x 10 4 mm. Thus, A0 = 0 2 -6,= 2.1° 


(b) Use of Eq. 36-25 for each wavelength leads to the condition 


m í X 1 = «tjÀj 


for which the smallest possible choices are m\ = 5 and ni2 = 4. Returning to Eq. 36-25, 
then, we find 


0 = súT 


1 1 = sin 


5(4.0 xlQ- 4 mm) 
0.0056 mm 


= snT 1 (0.36) = 21 < 


(c) There are no refraction angles greater than 90°, so we can solve for "m max " (realizing 
it might not be an integer): 


Jsin90° d 0.0056 mm 
= = — = ; «11 


X, 


X 2 5.0 x IO" 4 mm 


where we have rounded down. There are no values of m (for light of wavelength Xi) 
greater than m = 1 1 . 


50. (a) For the maximum with the greatest value of m (= M) we have MX = a sin 6< d, 
M < d/X = 900 nm/600 nm = 1.5, or M = 1. Thus three máxima can be seen, with m = 
+1. 


(b) From Eq. 36-28, we obtain 


A0 


À 


d siné? 


hw 


NdcosO NdcosO N 


tmô 1 

— tan 

N 


sin 


1000 


tan 


sin 


600 nm 
v 900nm y 


= 0.051 c 


51. (a) Máxima of a diffraction grating pattern occur at angles 6 given by d sin 6= mX, 
where d is the slit separation, X, is the wavelength, and m is an integer. The two lines are 
adjacent, so their order numbers differ by unity. Let m be the order number for the line 
with sin 6= 0.2 and m + 1 be the order number for the line with sin 6= 0.3. Then, O.ld = 
mX and 0.3d = (m + l)X. We subtract the first equation from the second to obtain 0.1 d = X, 
or 

d = À/0.1 = (600 x 10"m)/0.1 = 6.0 x IO" 6 m. 

(b) Minima of the single-slit diffraction pattern occur at angles 6 given by a sin 6= mX, 
where a is the slit width. Since the fourth-order interference maximum is missing, it must 
fali at one of these angles. If a is the smallest slit width for which this order is missing, 
the angle must be given by a sin 6= X. It is also given by d sin 6= 4X, so 

a = d/4 = (6.0 x IO -6 m)/4 = 1.5 x 10~ 6 m. 

(c) First, we set 6= 90° and find the largest value of m for which mk < d sin 6. This is the 
highest order that is diffracted toward the screen. The condition is the same as m < d/X 
and since 

d/X = (6.0 x IO" 6 m)/(600 x IO -9 m) = 10.0, 

the highest order seen is the m = 9 order. The fourth and eighth orders are missing, so the 
observable orders are m = 0, 1, 2, 3, 5, 6, 7, and 9. Thus, the largest value of the order 
number is m = 9. 

(d) Using the result obtained in (c), the second largest value of the order number is m = 7. 

(e) Similarly, the third largest value of the order number is m = 6. 


52. We use Eq. 36-25. For m = ±1 


. dsm& (1.73//m)sin(±17.6°) „„ 
A = = = 523 nm, 


m 


±1 


and for m = ±2, 


±2 


Similarly, we may compute the values of A, corresponding to the angles for m = ±3. The 
average value of these X's is 523 nm. 


53. The angular positions of the first-order diffraction lines are given by d sin 0 = X. Let 
X\ be the shorter wavelength (430 nm) and 6*be the angular position of the line associated 
with it. Let X,2 be the longer wavelength (680 nm), and let 0 + Aé^be the angular position 
of the line associated with it. Here A 0= 20°. Then, 

À l =dún0, À 2 = d ún(0 + A0) . 

We write 

sin (0+ A0) as sin ^cos A0+ cos ^sin A0, 

then use the equation for the first line to replace sin 0 with X\/d, and cos 0 with 
■^Jl-Â^/d 2 . After multiplying by d, we obtain 

Á 1 cosA0+ yjd 2 -á] sinA6> = Â 2 . 

Solving for d, we find 

[â 2 -Á l cosA0) 2 +{â 1 únA0) 2 
sin 2 A0 

[(680 nm) - (430 nm) cos 20 o ] 2 + [(430 nm) sin 20 o ] 2 
"IP sin 2 20° 

= 914 nm = 9.14x10 4 mm. 

There are í/d = 1/(9.14 x 10^ mm) = 1.09 x 10 3 rulings per mm. 



54. We are given the "number of lines per millimeter" (which is a common way to 
express l/d for diffraction gratings); thus, 


2 = 1601ines/mm => d = 6.25 x 10 6 m . 

(a) We solve Eq. 36-25 for 6* with various values of m and X. We show here the m = 2 
and X = 460 nm calculation: 


6 = sin~ 



f 


= shr 1 

V à j 

V 


2(460 x IO' 9 m) 
6.25 x IO" 6 m 


= sin _1 (0.1472) = 8.46°. 


Similarly, we get 11.81° for m = 2 and X = 640 nm, 12.75° for m = 3 and X = 460 nm, 
and 17.89° for m = 3 and X = 640 nm. The first indication of overlap occurs when we 
compute the angle for m = 4 and X = 460 nm; the result is 17.12° which clearly shows 
overlap with the large-wavelength portion of the m = 3 spectrum. 

(b) We solve Eq. 36-25 for m with 6= 90° and X = 640 nm. In this case, we obtain m = 
9.8 which means the largest order in which the full range (which must include that largest 
wavelength) is seen is ninth order. 

(c) Now with m = 9, Eq. 36-25 gives 0= 41.5° for X = 460 nm. 

(d) It similarly gives 0=61.2° for X = 640 nm. 

(e) We solve Eq. 36-25 for m with 6= 90° and X = 460 nm. In this case, we obtain m = 
13.6 which means the largest order in which that wavelength is seen is thirteenth order. 
Now with m = 13, Eq. 36-25 gives 6= 73.1° for X = 460 nm. 


55. At the point on the screen where we find the inner edge of the hole, we have tan 6 = 
5.0 cm/30 cm, which gives 6 = 9.46°. We note that d for the grating is equal to 
1.0 mm/350 = 1.0 x IO 6 nm/350. 

(a) From mX = d sin 6, we find 


Since for white light X > 400 nm, the only integer m allowed here is m = 1. Thus, at 
one edge of the hole, X = 470 nm. This is the shortest wavelength of the light that passes 
through the hole. 

(b) At the other edge, we have tan 6 ' = 6.0 cm/30 cm, which gives 6 ' = 11.31°. This 
leads to 


m = 



nm 


Ã' = dsm0' = 


1.0xl0 6 nm 


sin(l 1.31°) = 560 nm. 


V 


350 


J 


This corresponds to the longest wavelength of the light that passes through the hole. 


56. Since the slit width is much less than the wavelength of the light, the central peak of 
the single-slit diffraction pattern is spread across the screen and the diffraction envelope 
can be ignored. Consider three waves, one from each slit. Since the slits are evenly 
spaced, the phase difference for waves from the first and second slits is the same as the 
phase difference for waves from the second and third slits. The electric fields of the 
waves at the screen can be written as 


E = £ o cos0 + £ o cos0 = £0(1 + 2 cos 0). \/_ ^1 _ 

for the amplitude of the resultant wave. Since the intensity of a wave is proportional to 


of proportionality. If I m is the intensity at the center of the pattern, for which 0 = 0, then 
I m = 9AE 2 Q . We take A to be I m 1 9 El and obtain 


where </) = (2nd/X) sin 0. Here d is the separation of E 
adjacent slits and A, is the wavelength. The phasor diagram 
is shown on the right. It yields 


E ] = E 0 s'm(cot) 
E 2 = E 0 s'm(cot + (/>) 
E 3 = E 0 s'm(cot + 2<fi) 



the square of the electric field, we may write / = AEl[\ + 2 cos tf) , where A is a constant 



57. Assuming ali N = 2000 lines are uniformly illuminated, we have 


AX 


= Nm 


from Eq. 36-31 and Eq. 36-32. With À av = 600 nm and m = 2, we find Ak = 0.15 nm. 


58. Letting R = XI AX = Nm, we solve for N: 


X (589.6 nm + 589.0 nm)/ 2 


mAX 2(589.6 nm- 589.0 nm) 


= 491. 


59. (a) We note that d = (76 x IO 6 nm)/40000 = 1900 nm. For the first order máxima X = 
d sin 6, which leads to 


(V 


( 589 nm ^ 


= sin 1 


yd) 


v 1900 nm J 


Now, substituting m = d sin OIX into Eq. 36-30 leads to 

D = tan Ô/X = tan 187589 nm = 5.5 x 10~ 4 rad/nm = 0.0327nm. 

(b) For m = 1, the resolving power isR = Nm = 40000 m = 40000 = 4.0 x IO 4 . 

(c) For m = 2 we have 6= 38°, and the corresponding value of dispersion is 0.0767nm. 

(d) For m = 2, the resolving power isR = Nm = 40000 m = (40000)2 = 8.0 x IO 4 . 

(e) Similarly for m = 3, we have 6 = 68°, and the corresponding value of dispersion is 
0.247nm. 

(f) For m = 3, the resolving power is R = Nm = 40000 m = (40000)3 = 1.2 x 10 5 . 


60. (a) From R = X/AX = Nm we find 

X _ (4 1 5.496 nm + 4 1 5.487 nm) jl 


N = 


= 23100. 


mAX 2(4 1 5.96 nm - 4 1 5.487 nm) 
(b) We note that d = (4.0 x IO 7 nm)/23100 = 1732 nm. The máxima are found at 


6 = shT 


mX 


= sin 


(2) (415.5 nm) 
1732 nm 


= 28.7°. 


61. If a grating just resolves two wavelengths whose average is X avg and whose separation 
is AX, then its resolving power is defined by R = X avg /AX. The text shows this is Nm, 
where N is the number of rulings in the grating and m is the order of the lines. Thus 
X ãVg /AX = Nm and 

X„, a 656. 3nm . . _^ 


62. (a) We find AX from R = XI AX = Nm: 


ai ^ 500nm 

Aà = = --— = 0.056 nm 

Nm (600/mm)(5.0mm)(3) 


(b) Since sin 6= m max X/d < 1, 


d 


X (600 / mm)(500 x IO" 6 mm) 
Therefore, m max = 3. No higher orders of máxima can be seen. 


63. (a) From d sin 6= rtík we find 


mX ave 3(589.3 nm) , 

d = ?L = -± ^- = 1.0xl0 4 nm=10//m. 

sin 0 sin 10° 


(b) The total width of the ruling is 


L = Nd = 


(- 


d = 


(589.3 nm)(l0//m) 
mAX ~ 3(589.59 nm- 589.00 nm) 


= 3.3 x IO 3 jum = 3.3 mm. 


64. (a) From the expression for the half-width Aé?hw (given by Eq. 36-28) and that for the 
resolving power R (given by Eq. 36-32), we find the product of Aí? hw an d R to be 


NdcosO 


Nm = 


mk d sin 6 


dcosO dcosO 


= tan0, 


where we used mk = d sin ^(see Eq. 36-25). 

(b) For first order m = 1, so the corresponding angle 0\ satisfies d sin 0\ = mk = X. Thus 
the product in question is given by 


tan 0 X = 


sin 6, 


sin 0, 


1 


1 


cos ^ ^l-sin 2 0 X ^/(l/sin^) 2 -l ^(d/Xf-l 
1 


^(900nm/600nm) 2 


= 0.89. 


-1 


65. We use Eq. 36-34. 

(a) From the peak on the left at angle 0.75° (estimated from Fig. 36-49), we have 

X, = 2d ún0 l = 2(0.94 nm) sin(0.75°) = 0.025 nm = 25 pm 

This is the shorter wavelength of the beam. Notice that the estimation should be viewed 
as reliable to within +2 pm. 

(b) We now consider the next peak: 

X 2 =2d sin 0 2 = 2(0.94 nm) sin 1.15° = 0.038 nm = 38 pm. 

This is the longer wavelength of the beam. One can check that the third peak from the left 
is the second-order one for X,i. 


66. For x-ray ("Bragg") scattering, we have 2dsin 6 m =mX. This leads to 


2d sin 82 2 À, . _ _ . _ 

0 , • Q = TT =^ sin 62 = 2 sin 0\ . 
2a sm 0i 1 A 

Thus, with 6\= 3.4°, this yields 62= 6.8°. The fact that 82 is very nearly twice the value 
of 61 is due to the small angles involved (when angles are small, sin 62 /sin 6\ = 62/ 0\). 


67. Bragg's law gives the condition for a diffraction maximum: 

2d sin 9 = mk 


where d is the spacing of the crystal planes and X is the wavelength. The angle 6 is 
measured from the surfaces of the planes. For a second-order reflection m = 2, so 

m 7 2(0.12xl(T 9 m) 

d = J^L. = A L = 2.56 x l(T 10 m * 0.26 nm. 

28^6» 2 sin 28° 


68. We use Eq. 36-34. For smallest value of 0, we let m = 1. Thus, 


6L„ = sin" 


y2d ) 


= sin 


(l)(30pm) 
2(0.30 x IO 3 pm) 


= 2.9 C 


69. (a) For the first beam 2d sin 6\ = X A and for the second one 2d sin 6i = 3Xb. The 
values of d and X A can then be determined: 

3X R 3(97 pm) , 
d = B = y F ; = 1.7 x 10 2 pm. 
2sin0 2 2 sin 60° 

(b) A, A = 2dwi0 1 = 2(1.7 x IO 2 pm)(sin23°) = 1.3 x 10 2 pm. 


The x-ray wavelength is X = 2d sin 6= 2(39.8 pm) sin 30.0° = 39.8 pm. 


71. The sets of planes with the next five smaller interplanar spacings (after ao) are shown 
in the diagram that follows. 



(a) In terms of ao, the second largest interplanar spacing is a 0 /V2 = 0.707 la 0 . 

(b) The third largest interplanar spacing is a 0 /s[5 = 0.4472a 0 . 

(c) The fourth largest interplanar spacing is a 0 /\JlÕ = 0.3162a 0 . 

(d) The fifth largest interplanar spacing is a Q / \Jl3 = 0.2774a 0 . 

(e) The sixth largest interplanar spacing is a 0 /\Jl7 = 0.2425a,, . 

(f) Since a crystal plane passes through lattice points, its slope can be written as the ratio 
of two integers. Consider a set of planes with slope m/n, as shown in the diagram that 
follows. The first and last planes shown pass through adjacent lattice points along a 
horizontal line and there are m - 1 planes between. If h is the separation of the first and 
last planes, then the interplanar spacing is d = h/m. If the planes make the angle 0 with 
the horizontal, then the normal to the planes (shown dashed) makes the angle <fi = 90° - 0. 
The distance h is given by h = a 0 cos 0 and the interplanar spacing is d = h/m = (ao/m) 
cos </>. Since tan 6= min, tan 0= n/m and 


cos0 = 1/ Jl + tan 2 <f> =m/*Jn 2 +m 2 . 


Thus, 



h«— - na 0 H 


72. The angle of incidence on the reflection planes is 6= 63.8° - 45.0° = 18.8°, and the 
plane-plane separation is d = a 0 /V2 . Thus, using 2d sin 6= X, we get 

r— V2X 0.260 nm 

a n = V2a = = —j= = 0.570nm. 

2sin# V2 sin 18.8° 


73. We want the reflections to obey the Bragg condition 2d sin 6 = mX, where 6 is the 
angle between the incoming rays and the reflecting planes, X is the wavelength, and m is 
an integer. We solve for &. 


6 = sin~ 


\2d j 


= sin 


(0.125 x IO" 9 m)m 
2(0.252 x IO" 9 m) 


= 0.2480m. 


(a) For m = 2 the above equation gives 6 
<j> = 45° - 29.7° = 15.3° clockwise. 


= 29.7°. The crystal should be turned 


(b) For m = 1 the above equation gives 0 = 14.4°. The crystal should be turned 
^ = 45° -14.4° = 30.6° clockwise. 

(c) For m = 3 the above equation gives 6 = 48.1°. The crystal should be turned 
(j) = 48. I o - 45° = 3.1° counterclockwise. 


(d) For m = 4 the above equation gives 6 = 82.8°. The crystal should be turned 
<j) = 82.8° -45° = 37.8° counterclockwise. 


Note that there are no intensity máxima for m > 4 as one can verify by noting that inkl2d 
is greater than 1 for m greater than 4. 


74. The wavelengths satisfy 

mk = 2d sin 0= 2(275 pm)(sin 45°) = 389 pm. 
In the range of wavelengths given, the allowed values of m are m = 3, 4. 

(a) The longest wavelength is 389 pm/3 = 130 pm. 

(b) The associated order number is m = 3. 

(c) The shortest wavelength is 389 pm/4 = 97.2 pm. 

(d) The associated order number is m = 4. 


75. Since we are considering the diameter of the central diffraction maximum, then we 
are working with twice the Rayleigh angle. Using notation similar to that in Sample 
Problem 36-3, we have 2(1.22X/d) = D/L. Therefore, 

1 22 XL (1.22)(500 x 1CT 9 mV 3.54 x IO 5 m) 
d = 1 ^± = 1 \ A A ^ = 0.047m. 

D 9.1 m 


76. (a) WeuseEq. 36-14: 


X (l.22)(540xl(T 6 mm) 
<9 D =1.22- = ^ ^ ^ = 1.3xl(T 4 rad 


d 5.0mm 


(b) The linear separation is D = L6r = (160 x 10 3 m) (1.3 x 1(T 4 rad) = 21 m. 


77. Letting d sin 6= mX, we solve for X: 

dàn& _ (1.0mm/200)(sin30°) _ 2500 nm 
m m m 

where m = 1, 2, 3 . . .. In the visible light range m can assume the following values: rti\ = 4, 
m2 = 5 and m 3 = 6. 

(a) The longest wavelength corresponds to m\ = 4 with A,i = 2500 nm/4 = 625 nm. 

(b) The second longest wavelength corresponds to mi = 5 with A, 2 = 2500 nm/5 = 500 nm. 

(c) The third longest wavelength corresponds to m 3 = 6 with A, 3 = 2500 nm/6 = 416 nm. 


78. The condition for a minimum in a single-slit diffraction pattern is given by Eq. 36-3, 
which we solve for the wavelength: 

, asiné? (0.022 mm)sin 1.8° , Q1 in _ 4 , Q1 

À = = = 6.91x10 mm = 691nm. 

m 1 


79. As a slit is narrowed, the pattern spreads outward, so the question about "minimum 
width" suggests that we are looking at the lowest possible values of m (the label for the 
minimum produced by light X = 600 nm) and m' (the label for the minimum produced by 
light X' = 500 nm). Since the angles are the same, then Eq. 36-3 leads to 

mX = m'X' 

which leads to the choices m = 5 and m' = 6. We find the slit width from Eq. 36-3: 

mk mk 

a = « 

sin# 0 

which yields a = 3.0 mm. 


80. The central diffraction envelope spans the range -6 X <6< +0 X where 
6 { = s'm~ [ (A/a). The máxima in the double-slit pattern are at 


so that our range specification becomes 




^ trík \ . i 


sin 1 


< +sin 

'-) 



V d ) 



which we change (since sine is a monotonically increasing function in the fourth and first 
quadrants, where ali these angles lie) to 


X mX X 

< <+ — . 

a d a 


Rewriting this as —d I a <m<+d I a we arrive at the result m m ., v <d I a< m m „ + 1 . Due to 

<J IIliiA IllaX 

the symmetry of the pattern, the multiplicity of the m values is 2m max + 1 = 17 so that 
wímax = 8, and the result becomes 


where these numbers are as accurate as the experiment allows (that is, "9" means "9.000" 
if our measurements are that good). 


81. (a) The central diffraction envelope spans the range -6\ < 6 < +6\ where 
0 l =sm~ 1 (Ã/ a) which could be further simplified if the small-angle approximation were 
justified (which it is not, since a is so small). The máxima in the double-slit pattern are at 


so that our range specification becomes 








sin 1 


< sin 1 


< +sin 1 





v d j 




which we change (since sine is a monotonically increasing function in the fourth and first 
quadrants, where ali these angles lie) to 

X mX X 
— < — < +— . 
a d a 

Rewriting this as -d/a <m< +d/a we arrive at the result -7 < m < +7 which implies (since 
m must be an integer) -6 < m < +6 which amounts to 13 distinct values for m. Thus, 
thirteen máxima are within the central envelope. 

(b) The range (within one of the first-order envelopes) is now 


(X^ 


f mX^ 

< +sin 1 

r 2X^ 


< sin 1 





v d j 


V a ) 


which leads to d/a <m< 2d/a or 7 < m < 14. Since m is an integer, this means 8 < m < 
13 which includes A distinct values for m in that one envelope. If we were to include the 
total from both first-order envelopes, the result would be twelve, but the wording of the 
problem implies six should be the answer (just one envelope). 


82. Although the angles in this problem are not particularly big (so that the small angle 
approximation could be used with little error), we show the solution appropriate for large 
as well as small angles (that is, we do not use the small angle approximation here). Eq. 
36-3 gives 

mk = a sin# => 6 = ún\mk/a) = sin _1 [2(0.42 um)/(5.1 um)] = 9.48°. 

The geometry of Figure 35-10(a) is a useful reference (even though it shows a double slit 
instead of the single slit that we are concerned with here). We see in that figure the 
relation between y, D and 6: 


y = D tan 0 = (3.2 m) tan(9.48°) = 0.534 m . 


83. We see that the total number of lines on the grating is (1.8 cm)(1400/cm) = 2520 = N. 
Combining Eq. 36-31 and Eq. 36-32, we find 


X avs 450 nm 
AX = Nm= (2520X3) = °-° 595 nm = 59 " 5 pnL 


1.22ÀX 

84. Use of Eq. 36-21 leads to D = — ~j — = 6.1 mm. 


85. Following the method of Sample Problem 36-3, we have 

1.22X _ D 
d ~ L 


where X = 550 x 10 9 m, D = 0.60 m, and d = 0.0055 m. Thus we get L = 4.9 x 10 3 m. 


We use Eq. 36-3 for m =2: mÁ = as'm6> 


a 


m 


Ã sin 6 sin 37 


87. We solve Eq. 36-25 for d: 

mX 2(600 x 1CT 9 m) „ „„„ , „ ™„ , ^_4 

d = = — - = 2.203x10 m = 2.203x10 cm 

siné? sin33° 

which is typically expressed in reciprocai form as the "number of lines per centimeter" 
(or per millimeter, or per inch): 

^ = 4539 lines/cm . 

The full width is 3.00 cm, so the number of lines is (4539/cm)(3.00 cm) = 1.36 x IO 4 . 


88. We combine Eq. 36-31 (R = ^ avg /AÀ) with Eq. 36-32 (R = Nm) and solve for N: 


N = ^T = o ~,k nJi"~' n =4.84x 10 J 


590.2 nm 


m 


AX ~ 2 (0.061 nm) 


89. Eq. 36-14 gives the Rayleigh angle (in radians): 


. 1.22/1 D 
R d L 

where the rationale behind the second equality is given in Sample Problem 36-3. We are 

_Q ^ 

asked to solve for d and are given X = 550 x 10 m, D = 30 x 10 m, and 
L = 160 x 10 3 m. Consequently, we obtain d = 0.358 m a 36 cm . 


90. Eq. 36-14 gives the Rayleigh angle (in radians): 


a Í.22Á D 
R d L 

where the rationale behind the second equality is given in Sample Problem 36-3. We are 
asked to solve for D and are given X = 500 x 10~ 9 m, d = 5.00 x 10~ 3 m, and L = 0.250 m. 
Consequently, we obtain D = 3.05 xlO m. 


91. Consider two of the rays shown in Fig. 36-52, one just above the other. The extra 
distance traveled by the lower one may be found by drawing perpendiculars from where 
the top ray changes direction (point P) to the incident and diffracted paths of the lower 
one. Where these perpendiculars intersect the lower ray's paths are here referred to as 
points A and C. Where the bottom ray changes direction is point B. We note that angle 
ZAPB is the same as y/, and angle BPC is the same as ^(see Fig. 36-52). The difference 
in path lengths between the two adjacent light rays is Ax = \AB\ + \BC\ = d sin y/+ d sin 0. 
The condition for bright fringes to occur is therefore 


Ax = J(sin y/ + sin 6) = mÂ 


where m = 0, 1,2, . . . . If we set y/=0 then this reduces to Eq. 36-25. 


92. Referring to Problem 36-91, we note that the angular deviation of a diffracted ray (the 
angle between the forward extrapolation of the incident ray and its diffracted ray) is 
y/ ' = y/ + 6 . For m=\, this becomes 

i n ■ -1 ( ^ 

y/ = y/ + o = y/ + sin sin y/ 


where the ratio X/d = 0.40 using the values given in the problem statement. The graph of 
this is shown below (with radians used along both axes). 



93. We imagine dividing the original slit into ./V strips and represent the light from each 
strip, when it reaches the screen, by a phasor. Then, at the central maximum in the 
diffraction pattern, we would add the N phasors, ali in the same direction and each with 
the same amplitude. We would find that the intensity there is proportional to N 2 . If we 
double the slit width, we need 2N phasors if they are each to have the amplitude of the 
phasors we used for the narrow slit. The intensity at the central maximum is proportional 
to (2A0 and is, therefore, four times the intensity for the narrow slit. The energy reaching 
the screen per unit time, however, is only twice the energy reaching it per unit time when 
the narrow slit is in place. The energy is simply redistributed. For example, the central 
peak is now half as wide and the integral of the intensity over the peak is only twice the 
analogous integral for the narrow slit. 


94. We denote the Earth-Moon separation as L. The energy of the beam of light which is 
projected onto the moon is concentrated in a circular spot of diameter d\, where d\IL = 
20r = 2(1.22X1 do), with do the diameter of the mirror on Earth. The fraction of energy 
picked up by the reflector of diameter d 2 on the Moon is then 77' = (d 2 /di) 2 . This reflected 
light, upon reaching the Earth, has a circular cross section of diameter dj, satisfying 

J 3 /L = 26k = 2(1.22À/J 2 ). 

The fraction of the reflected energy that is picked up by the telescope is then 77" = (do/d^) . 
Consequently, the fraction of the original energy picked up by the detector is 


77 = rj'rj" 


IV 

2 


2 

d 0 d 2 

2 


y d 3 j 




_(2MXdJd 0 )(2MXdJd 2 )_ 


V 2-44H,J 


(2.6m)(0.10m) 


2.44(0.69xl0" 6 m)(3.82xl0 8 m) 


4xl(T 13 


95. (a) Since the resolving power of a grating is given by R = XI AX and by Nm, the range 
of wavelengths that can just be resolved in order m is AX = XINm. Here ./V is the number 
of rulings in the grating and X is the average wavelength. The frequency/is related to the 
wavelength by fX = c, where c is the speed of light. This means/AÀ, + XAf= 0, so 

AX = ~Af = - — Af 
f c 

where /= c/X is used. The negative sign means that an increase in frequency corresponds 
to a decrease in wavelength. We may interpret Af as the range of frequencies that can be 
resolved and take it to be positive. Then, 


and 


c Nm 


NmX 


(b) The difference in travei time for waves traveling along the two extreme rays is Aí = 
AL/c, where AL is the difference in path length. The waves originate at slits that are 
separated by (N - l)d, where d is the slit separation and is the number of slits, so the 
path difference is AL = (N - l)d sin #and the time difference is 


At = 


(N-Í)d sm0 


If N is large, this may be approximated by Aí = (Nd/c) sin 0. The lens does not affect the 
travei time. 

(c) Substituting the expressions we derived for Aí and Af, we obtain 


A/Aí = 


í c ) 

í NdsmO^ 

d siné? 

K NmX; 

V c ) 

mX 


= 1. 


The condition d sin 6= mX for a diffraction line is used to obtain the last result. 


96. The central diffraction envelope spans the range -6\ < 6 < + 6\ where 
0 l = s'm~ l (A/a). The máxima in the double-slit pattern are located at 


0,„ = sin~ 


mk 


so that our range specification becomes 


-sin 








<sin 1 


<+sin 1 




v d j 


ya) 


which we change (since sine is a monotonically increasing function in the fourth and first 
quadrants, where ali these angles lie) to 


X nik X 

< <+ — . 

a d a 


Rewriting this as -dia < m < +d/a, we find -6 < m < +6, or, since m is an integer, -5 < m 
< +5. Thus, we find eleven values of m that satisfy this requirement. 


97. The problem specifies d = 12/8900 using the mm unit, and we note there are no 
refraction angles greater than 90°. We convert X = 500 nm to 5 x 10 4 mm and solve Eq. 
36-25 for "m max " (realizing it might not be an integer): 

^sin90° _ 12 
mmax X ~ (8900)(5 x IO' 4 ) * 2 

where we have rounded down. There are no values of m (for light of wavelength X) 
greater than m = 2. 


98. Letting d sin 6= (LIN) sin 6= rrík, we get 

(L/AOsin# (l.OxlO 7 nm)(sin 30°) 


X = - 


m (1)(10000) 


99. (a) Use of Eq. 36-25 for the limit-wavelengths (X\ = 700 nm and X2 = 550 nm) leads 
to the condition 

m l X l > m 2 X 2 


for m\ + 1 = m 2 (the low end of a high-order spectrum is what is overlapping with the 
high end of the next-lower-order spectrum). Assuming equality in the above equation, we 
can solve for "mi" (realizing it might not be an integer) and obtain m\ « 4 where we have 
rounded up. It is the fourth order spectrum that is the lowest-order spectrum to overlap 
with the next higher spectrum. 

(b) The problem specifies d = (1/200) mm, and we note there are no refraction angles 
greater than 90°. We concentrate on the largest wavelength X = 700 nm = 7 x 10 4 mm 
and solve Eq. 36-25 for "m max " (realizing it might not be an integer): 

_ Jsin90° _ (1/200) mm 
A 7x10 mm 

where we have rounded down. There are no values of m (for the appearance of the full 
spectrum) greater than m = 7. 


100. Following Sample Problem 36-3, we use Eq. 36-17 and obtain L = 

1.2.2.X 


101. The dispersion of a grating is given by D = dOldX, where 6h the angular position of 
a line associated with wavelength X. The angular position and wavelength are related by 
d sin 6 = mX, where d is the slit separation (which we made boldfaced in order not to 
confuse it with the d used in the derivative, below) and m is an integer. We differentiate 
this expression with respect to 0to obtain 


d0_ 
dX 


dcos# = m, 


or 


D = 


d6 _ m 
dX dcosé? 


Now m = (d/X) sin 6, so 


D = 


dsinO 


tan0 


dX cos 6 


102. (a) Employing Eq. 36-3 with the small angle approximation (sin 6 « tan 6 = y/D 
where y locates the minimum relative to the middle of the pattern), we find (with m = 1) 

_ ya (0.90 mm)(0.40 mm) 

D = — — = — = 800 mm = 80 cm 

tnk 4.50x10 mm 

which places the screen 80 cm away from the slit. 

(b) The above equation gives for the value of y (for m = 3) 

(3)XD (3)(4.50xl0~ 4 mm)(800mm) ^ n 

y = = = 2.7 mm . 

a (0.40 mm) 

Subtracting this from the first minimum position y = 0.9 mm, we find the result 
Ay = 1.8 mm . 


103. (a) We require that sin 6= rrik\pjd < sin 30°, where m = 1, 2 and Xi = 500 nm. This 
gives 

_ 2X S 2(600nm) .... 

d > — = — = 2400nm = 2 A um. 

sin 30° sin 30° 

For a grating of given total width L we have N = L/ d ccd 1 , so need to minimize d 
to maximize R = mN ccd 1 . Thus we choose d = 2400 nm = 2.4 jum. 

(b) Let the third-order maximum for X 2 = 600 nm be the first minimum for the single-slit 
diffraction profile. This requires that d sin 0= 3A, 2 = a sin 6, or 

a = d/3 = 2400 nm/3 = 800 nm = 0.80 jum. 

(c) Letting sin 6= m msa k2/d < 1, we obtain 

d 2400 nm „ 

m maT < — = = 3 . 

°" X 2 800 nm 


Since the third order is missing the only máxima present are the ones with m = 0, 1 and 2. 
Thus, the largest order of máxima produced by the grating is m = 2. 


104. For X = 0.10 nm, we have scattering for order m, and for X' = 0.075 nm, we have 
scattering for order m'. From Eq. 36-34, we see that we must require 


mX = m'X' 

which suggests (looking for the smallest integer solutions) that m = 3 and m' = 4. 
Returning with this result and with d = 0.25 nm to Eq. 36-34, we obtain 


Studying Figure 36-30, we conclude that the angle between incident and scattered beams 
is 180° -26= 106°. 


105. The key trigonometric identity used in this proof is ún(20) = Isiné^cosé?. Now, we 
wish to show that Eq. 36-19 becomes (when d = a) the pattern for a single slit of width 2a 
(see Eq. 36-5 and Eq. 36-6): 

í sin(27tasin8/À,)Y 
/(9)= H 2nasmQ/X ) ' 


We note from Eq. 36-20 and Eq. 36-21, that the parameters P and a are identical in this 
case (when d = a), so that Eq. 36-19 becomes 


/(O) = /„ 


2 

cos(7tasin9/À)sin(7T(2SÍn9/À) ^ 
nasinQ/X 


Multiplying numerator and denominator by 2 and using the trig identity mentioned above, 
we obtain 


/(O) = /„ 


2cos(7tflsinQA,)sin(7tasin9A,) 
2naúnQ/X 


sin(27tasin9A,) 
2Tcasin9/À 


which is what we set out to show. 


106. Employing Eq. 36-3, we find (with m = 3 and ali lengths in /um) 

. . ..mk . _ t (3)(0.5) 

6' = sin = sin 

a 2 

which yields 6 = 48.6°. Now, we use the experimental geometry (tané? = y/D where y 
locates the minimum relative to the middle of the pattern) to find 


y = Dtan0 = 221 m. 


107. (a) The central diffraction envelope spans the range - 6\< 6< +6\ where 

a ■ -i A 
0 X = sin — , 

a 

which could be further simplified if the small-angle approximation were justified (which 
it is not, since a is so small). The máxima in the double-slit pattern are at 


0... = sin 


rnk 


so that our range specification becomes 








sin 1 


<sin 1 


< + sin 1 





v d j 




which we change (since sine is a monotonically increasing function in the fourth and first 
quadrants, where ali these angles lie) to 


X, rnk X 

— < <+ — 

a d a 


Rewriting this as -d/a < m < +d/a we arrive at the result m max < d/a < m max + 1. Due to 
the symmetry of the pattern, the multiplicity of the m values is 2m max + 1 = 17 so that 
wí max = 8, and the result becomes 

d 

8<-<9 
a — 


where these numbers are as accurate as the experiment allows (that is, "9" means "9.000" 
if our measurements are that good). 


108. We refer (somewhat sloppily) to the 400 nm wavelength as "blue" and the 700 nm 
wavelength as "red." Consider Eq. 36-25 (rrik = d siné?), for the 3 rd order blue, and also 
for the 2 n order red: 

(3)A. b iue = 1200nm= d sin(6{,iue) 

(2) ^ red = 1400 nm = d sin(# e d) . 

Since sine is an increasing function of angle (in the first quadrant) then the above set of 
values make clear that éfcd (second order) > ftiue (thkd order) which shows that the spectrums 
overlap (regardless of the value of d). 


109. One strategy is to divide Eq. 36-25 by Eq. 36-3, assuming the same angle (a point 
we'll come back to, later) and the same light wavelength for both: 

m mX dúnO d 
m' m'À asind a 

We recall that d is measured from middle of transparent strip to the middle of the next 
transparent strip, which in this particular setup means d = 2a. Thus, m/m' = 2, or m = 
2m'. 

Now we interpret our result. First, the division of the equations is not valid when m = 0 
(which corresponds to 6 = 0), so our remarks do not apply to the m = 0 maximum. 
Second, Eq. 36-25 gives the "bright" interference results, and Eq. 36-3 gives the "dark" 
diffraction results (where the latter overrules the former in places where they coincide - 
see Figure 36-17 in the textbook). For m' = any nonzero integer, the relation m = 2m' 
implies that m = any nonzero even integer. As mentioned above, these are occurring at 
the same angle, so the even integer interference máxima are eliminated by the diffraction 
minima. 


110. The derivation is similar to that used to obtain Eq. 36-27. At the first minimum 
beyond the mth principal maximum, two waves from adjacent slits have a phase 
difference of Atp = 2nm + (2n/N), where /V is the number of slits. This implies a 
difference in path length of 

AL = (A<fi/2n)X = mX + (X/N). 

If 6 m is the angular position of the mth maximum, then the difference in path length is 
also given by AL = d sin(# m + A9). Thus 

d sin (6 m + A6) = mX + (X/N). 

We use the trigonometric identity 

s'm(0 m + A9) = sin 0 m cos A0 + cos 6 m sin A6. 

Since A6 is small, we may approximate sin A6 by A6 in radians and cos A6 by unity. 
Thus, 

d sin 0 m + d A^cos 6 m = mX + (X/N). 
We use the condition d sin 6 m = mX to obtain d Aéreos ô m = X/N and 

A0= X . 
Ndcosd m 


111. There are two unknowns, the x-ray wavelength X and the plane separation d, so data 
for scattering at two angles from the same planes should suffice. The observations obey 
Bragg's law, so 

2d sin 6 X = m,A. , 2d sin 6 2 = m^k. 

However, these cannot be solved for the unknowns. For example, we can use the first 
equation to eliminate X from the second. We obtain 

mj sin 6 X = m l sin 6 2 , 
an equation that does not contain either of the unknowns. 


112. The problem specifies d = (1 mm)/500 = 2.00 |um unit, and we note there are no 
refraction angles greater than 90°. We concentrate on the largest wavelength X = 700 nm 
= 0.700 |um and solve Eq. 36-25 for "m max " (realizing it might not be an integer): 

Jsin90° d 2.00 um _ 

m m , v = = — = « 2 

Â X 0.700 //m 

where we have rounded down. There are no values of m (for appearance of the full 
spectrum) greater than m = 2. 


113. When the speaker phase difference is n rad (180°), we expect to see the "reverse" of 
Fig. 36-15 [translated into the acoustic context, so that "bright" becomes "loud" and 
"dark" becomes "quiet"]. That is, with 180° phase difference, ali the peaks in Fig. 36-15 
become valleys and ali the valleys become peaks. As the phase changes from zero to 
180° (and similarly for the change from 180° back to 360° = original pattern), the peaks 
should shift (and change height) in a continuous fashion - with the most dramatic feature 
being a large "dip" in the center diffraction envelope which deepens until it seems to split 
the central maximum into smaller diffraction máxima which (once the phase difference 
reaches n rad) will be located at angles given by a sin9 = ± X. How many interference 
fringes would actually "be inside" each of these smaller diffraction máxima would, of 
course, depend on the particular values of a, X and d. 


1. From the time dilation equation Aí = /Ato (where Ato is the proper time interval, 
/ = 1/ Jl-j3 2 , and /?= v/c), we obtain 


f At y 


At ) 


The proper time interval is measured by a clock at rest relative to the muon. Specifically, 
Ato = 2.2000 /us. We are also told that Earth observers (measuring the decays of moving 
muons) find At = 16.000 /us. Therefore, 


fi = . 


r 2.2000 //s V 
16.000 jus 


= 0.99050. 


2. (a) We find /? firam y = 1/ ^/l-^ 2 


£ = Jl-^- = 1 1 -=0.14037076. 

V 7 V (1.0100000) 


(b) Similarly, /? = ^l-(lO.OOOOOO) -2 = 0.99498744. 


(c) In this case, /? = ^-(ÍOO.OOOOO) =0.99995000. 


(d) Theresultis ^ = ^/l-(lOOO.OOOO) 2 =0.99999950. 


3. In the laboratory, it traveis a distance d = 0.00105 m = vt, where v = 0.992c and t is the 
time measured on the laboratory clocks. We can use Eq. 37-7 to relate t to the proper 
lifetime of the particle í 0 : 


t = 


Vl-(v/c) 2 


t 0 =tjí- 


d 


0.992c 


-Vl-0.992 2 


which yields t 0 = 4.46 x 10 13 s = 0.446 ps. 


4. From the value of Aí in the graph when P = 0, we infer than Aí Q in Eq. 37-9 is 8.0 s. 
Thus, that equation (which describes the curve in Fig. 37-23) becomes 

Aí n 8.0 s 

Vl-(v/c) 2 V 1 "/? 2 

If we set (3 = 0.98 in this expression, we obtain approximately 40 s for At. 


5. We solve the time dilation equation for the time elapsed (as measured by Earth 
observers): 


Vl- (0.9990) 2 


where Aí 0 = 120 y. This yields Aí = 2684 y « 2.68 x 10 3 y. 


6. Due to the time-dilation effect, the time between initial and final ages for the daughter 
is longer than the four years experienced by her father: 

tf daughter ~ U daughter = Y(4.000 y) 

where y is Lorentz factor (Eq. 37-8). Letting T denote the age of the father, then the 
conditions of the problem require 

Ti = tj daughter + 20.00 y , Tf = tf daughter ~ 20.00 y . 

Since Tf - T, = 4.000 y, then these three equations combine to give a single condition 
from which y can be determined (and consequently v): 


44 = 4y=> y = 1 1 => P = 



= 0.9959. 


7. (a) The round-trip (discounting the time needed to "turn around") should be one year 
according to the clock you are carrying (this is your proper time interval Aio) and 1000 
years according to the clocks on Earth which measure Aí. We solve Eq. 37-7 for f3 : 


(b) The equations do not show a dependence on acceleration (or on the direction of the 
velocity vector), which suggests that a circular journey (with its constant magnitude 
centripetal acceleration) would give the same result (if the speed is the same) as the one 
described in the problem. A more careful argument can be given to support this, but it 
should be admitted that this is a fairly subtle question which has occasionally precipitated 
debates among professional physicists. 



8. Only the "component" of the length in the x direction contracts, so its y component 
stays 

t' y =£ y = Mn30° = (1.0 m)(0.50) = 0.50m 
while its x component becomes 

l' x =lj\-p 2 =(i.o m)(cos30°)Vl-(0.90) 2 = 0.38m. 
Therefore, using the Pythagorean theorem, the length measured from S' is 

£' = J(e' x f +(t\f = V(0.38m) 2 +(0.50 m) 2 = 0.63 m. 


9. The length L of the rod, as measured in a frame in which it is moving with speed v 

parallel to its length, is related to its rest length L 0 by L = Lo//, where y = 1 / <^/l-/? 2 and 

/?= v/c. Since /must be greater than 1, L is less than L 0 . For this problem, L 0 = 1.70 m 
and /?= 0.630, so 

L = Ljl-/3 2 =(l.70m) > /l-(0.630) 2 =1.32m. 


10. The contracted length of the tube would be 

L = Ljl-/3 2 = (3.00m)7l-(0.999987) 2 = 0.0153m. 


11. (a) The rest length L 0 = 130 m of the spaceship and its length L as measured by the 
timing station are related by Eq. 37-13. Therefore, 

L = Ljl-(v/c) 2 = (l30m)^/l-(0.740) 2 = 87.4m. 
(b) The time interval for the passage of the spaceship is 


12. From the value of L in the graph when /? = 0, we infer that L 0 in Eq. 37-13 is 0.80 m. 
Thus, that equation (which describes the curve in Fig. 37-24) with SI units understood 
becomes 

L = Ljl-(v/c) 2 = (0.80m)Vl-/? 2 . 
If we set /?= 0.95 in this expression, we obtain approximately 0.25 m for L. 


13. (a) Let d = 23000 ly = 23000 c y, which would give the distance in meters if we 
included a conversion factor for years — > seconds. With Ato = 30 y and At = d/v (see Eq. 
37-10), we wish to solve for v from Eq. 37-7. Our first step is as follows: 


At=- = 


d _ At 0 _ 23000 y _ 30 y 


at which point we can cancel the unit year and manipulate the equation to solve for the 
speed parameter /?. This yields 

/?= 1 =0.99999915. 

^/l+(30/23000) 2 

(b) The Lorentz factor is y = 1/^1- J3 2 =766.6680752. Thus, the length of the galaxy 
measured in the traveler' s frame is 

j,,, 23000 ly =29 99999 , 
/ 766.6680752 


14. (a) We solve Eq. 37-13 for v and then plug in 


(b) The Lorentz factor in this case is y = 


1- 









V2y 


1 


Vl-(v/c) : 


= 0.866. 


= 2.00 . 


15. (a) The speed of the traveler is v = 0.99c, which may be equivalently expressed as 
0.99 ly/y. Let d be the distance traveled. Then, the time for the trip as measured in the 
frame of Earth is 

Aí = d/v = (26 ly)/(0.99 ly/y) = 26.26 y. 

(b) The signal, presumed to be a radio wave, traveis with speed c and so takes 26.0 y to 
reach Earth. The total time elapsed, in the frame of Earth, is 

26.26 y + 26.0 y = 52.26 y . 

(c) The proper time interval is measured by a clock in the spaceship, so Ato = ktly. Now 

/= , 1 = -, 1 =7.09. 


Thus, Aí,, = (26.26 y)/(7.09) = 3.705 y. 


16. The "coincidence" of x = x' = 0 at t = t' = 0 is important for Eq. 37-21 to apply 
without additional terms. We label the event coordinates with subscripts: (x\, íi) = (0, 0) 
and (x 2 , ti) = (3000 m, 4.0 x IO 6 s). 

(a) We expect (x\, t\) = (0, 0), and this may be verified using Eq. 37-21. 

(b) We now compute (x'2, t'2), assuming v = +0.60c = +1.799 x 10 m/s (the sign of v is 
not made clear in the problem statement, but the Figure referred to, Fig. 37-9, shows the 
motion in the positive x direction). 

, _ x-vt _ 3000m-(1.799xl0 8 m/s)(4.0xlQ- 6 s) _ OQg 3 
jc~2 — 1 —— — j = — . o j x j_vj in 


, _ t - J3 x/c _ 4.0 x 10~ 6 s - (0.60)(3000 m) 7(2.998 x 10 8 m/s) 

(c) The two events in frame S occur in the order: first 1, then 2. However, in frame S' 
where t' 2 < 0, they occur in the reverse order: first 2, then 1. So the two observers see the 
two events in the reverse sequence. 

We note that the distances X2 - x\ and larger than how far light can travei 

during the respective times (c(t 2 -í,) = 1.2 km and c 1 1' 2 -t[ I « 750 m) , so that no 

inconsistencies arise as a result of the order reversal (that is, no signal from event 1 could 
arrive at event 2 or vice versa). 


Vl"(0.60) 2 


17. (a) We take the flashbulbs to be at rest in frame S, and let frame S' be the rest frame of 
the second observer. Clocks in neither frame measure the proper time interval between 
the flashes, so the full Lorentz transformation (Eq. 37-21) must be used. Let t s be the time 
and x s be the coordinate of the small flash, as measured in frame S. Then, the time of the 
small flash, as measured in frame S', is 

V c ) 

where /?= v/c = 0.250 and 

y = 1 / - 0 1 = 1 / -yjl - (0.250) 2 = 1.0328 . 


Similarly, let % be the time and xi, be the coordinate of the big flash, as measured in frame 
S. Then, the time of the big flash, as measured in frame S', is 


t' b = y 


h- 


Subtracting the second Lorentz transformation equation from the first and recognizing 
that t s = tb (since the flashes are simultaneous in S), we find 


At' = 


yP(x s -x h ) _ (1.0328)(0.250)(30xlQ 3 m) 
c 3.00 x 10 8 m/s 


= 2.58xl0~ 5 s 


where At' = t' b -t' s 


(b) Since Aí' is negative, t' h is greater than t' s . The small flash occurs first in S'. 


18. The "coincidence" of x = x' = 0 at t = f = 0 is important for Eq. 37-21 to apply 
without additional terms. In part (a), we apply these equations directly with 


where we conclude that the numerical result (2.7 x IO 5 m or 2.3 x IO 5 m depending on 
how precise a value of v is used) is not meaningful (in the significant figures sense) and 
should be set equal to zero (that is, it is "consistent with zero" in view of the statistical 
uncertainties involved). 

(b) The time coordinate measured in the S' frame is 


v = +0.400c = 1.199 x 10 m/s, 


and in part (c) we simply change v — > -v and recalculate the primed values. 


(a) The position coordinate measured in the S' frame is 




= 2.29s. 


(c) Now, we obtain 


x 



u 1 i Similarly, 


19. The proper time is not measured by clocks in either frame S or frame S' since a single 
clock at rest in either frame cannot be present at the origin and at the event. The full 
Lorentz transformation must be used: 


x' = y(x-vt) and f = y{t- /3xl c) 
where /?= v/c = 0.950 and 

/ = l-sjl-fi 2 = 1 / ^/l- (0-950) 2 = 3.20256 . 

Thus, 

x' = r (x- vt) = (3.20256) (100 x 10 3 m - (0.950)(2.998 x 10 8 m/s)(200 x 10 ~ 6 s)) 
= 1.38xl0 5 m = 138km. 

(b) The temporal coordinate in 5" is 

200x10 b s 


t' = r(t-j3x/c) = (3.20256) 
= -3.74xl0- 4 s = -374//s 


, (0.950)(100xl0 3 m) 


2.998x10 m/s 


20. The time-dilation information in the problem (particularly, the 15 s on "his 
wristwatch... which takes 30.0 s according to you") reveals Lorentz factor is y = 2.00 
(see Eq. 37-9), which implies his speed is v = 0.866c. 

(a) With y = 2.00, Eq. 37-13 implies the contracted length is 0.500 m. 

(b) There is no contraction along direction perpendicular to the direction of motion (or 
"boost" direction), so meter stick 2 still measures 1.00 m long. 

(c) As in part (b), the answer is 1.00 m. 

(d) Eq. 1' in Table 37-2 gives 

Ax' = x' 2 - x[ = y(Ax-vAt) = (2.00) [20.0 m- (0.866)(2.998x 10 8 m/s)(40.0xl0~ 9 s )] 
= 19.2 m 

(e) Eq. 2' in Table 37-2 gives 

At' = t' 2 -t[ = y( y At-vAxl c 2 ^ = y (At-j3Ax/c) 

= (2.00)[40.0xl0~ 9 s- (0.866)(20.0 m)/(2.998xl0 8 m/s)] 
= -35.5 ns . 


In absolute value, the two events are separated by 35.5 ns. 

(f) The negative sign obtained in part (e) implies event 2 occurred before event 1 . 


21. (a) The Lorentz factor is 


Y= , = , =1-25. 

VI-/ V!-(0-600) 2 

(b) In the unprimed frame, the time for the clock to travei from the origin to x = 180 m is 

x 180m , ^ ,^_ fi 

t = - = = = 1.00 x 10 s . 

v (0.600)(3.00 x 10 8 m/s) 

The proper time interval between the two events (at the origin and at x = 180 m) is 
measured by the clock itself. The reading on the clock at the beginning of the interval is 
zero, so the reading at the end is 

, t 1.00 x IO" 6 s onn in _ 7 

t'=- = = 8.00x10 s . 

y 1.25 


22. From Eq. 2 in Table 37-2, we have 

Aí = vy Ax'/c 2 + yAt'. 

The coefficient of Ax' is the slope (4.0 \i s/400 m) of the graph, and the last term 
involving Aí' is the "y-intercept" of the graph. From the first observation, we can solve 
for P = v/c = 0.949 and consequently y = 3.16. Then, from the second observation, we 
find 

. , Aí 2.00xl0~ 6 s AO 1rtV 
At' = — = = 6.3x10 7 s . 

/ 3.16 


23. (a) In frame S, our coordinates are such that x\ = +1200 m for the big flash, and xi = 
1200 - 720 = 480 m for the small flash (which occurred later). Thus, 


Ax = X2 - x\ = -720 m. 
If we set Ax' = 0 in Eq. 37-25, we find 

0 = Y(Ax-vAí) = Y(-720m-v(5.00xlO" 6 s)) 

which yields v = -1 .44 x 10 8 m/s, or fi = v I c = 0.480 . 

(b) The negative sign in part (a) implies that frame S' must be moving in the -x direction. 

(c) Eq. 37-28 leads to 


Aí' = y 



( k vAx^ 

( 

y 

At =- 

= Y 


V c 2 ) 

V 


5.00xlO-'s- ( - 1 - 44xl ° ,m/s)( - 720m) ' 


(2.998 x 10 m/s)" 


J 


which turns out to be positive (regardless of the specific value of f). Thus, the order of 
the flashes is the same in the S' frame as it is in the S frame (where Aí is also positive). 
Thus, the big flash occurs first, and the small flash occurs later. 

(d) Finishing the computation begun in part (c), we obtain 

,_ 5.00xlQ- 6 s-(-1.44xl0 8 m/s)(-720m)/(2.998xl0 8 m/s) 2 _ A ^ 6 

Vl-0.480 2 


24. We wish to adjust Aí so that 

0 = Ax' = y (Ax-vAí) = f(-720m- vAí) 
in the limiting case of Ivl— > c . Thus, 


Ax Ax 720m „ 6 

Aí = — = — = 5 = 2.40x10 6 s 

v c 2.998 x IO 8 m/s 


25. (a) Using Eq. 2' of Table 37-2, we have 


At' = y 


f. vAx^ 

At — r 

= Y 

f , fiAx^ 
Aí-— — 

f 

= Y 

V c J 


v c J 

V 


l.OOxlO^s 


/?(400m) 
2.998 x IO 8 m/s 


where the Lorentz factor is itself a function of P (see Eq. 37-8). 

(b) A plot of At' as a function of /? in the range 0 < /3 < 0.01 is shown below: 


A/' 

2 


2- 


0.002 0.004 0.006 0.008 0.01 


Note the limits of the vertical axis are +2 |us and -2 us. We note how "flat" the curve is 
in this graph; the reason is that for low values of P, Bullwinkle's measure of the temporal 
separation between the two events is approximately our measure, namely +1.0 |us. There 
are no non-intuitive relativistic effects in this case. 


(c) A plot of At' as a function of f3 in the range 0.1 < /? < 1 is shown below: 


Ai 

2 


(d) Setting 


Aí' = y 


At-- — 

V c J 


1.00X10-S- /?(400m) 


2.998x10 m/s 


= 0, 


leads to 


= £ At _ (2.998x 10' m/sXl.OOx 10-S) _ Q ^ ^ 


Ax 


400 m 


(e) For the graph shown in part (c), that as we increase the speed, the temporal separation 
according to Bullwinkle is positive for the lower values and then goes to zero and finally 
(as the speed approaches that of light) becomes progressively more negative. For the 
lower speeds with 

Aí' >0^í A ' < t B ' => 0</?<0.750, 
according to Bullwinkle event A occurs before event B just as we observe. 

(f) For the higher speeds with 

Aí'<0^ t A '> t B ' => 0.750 <£<1, 
according to Bullwinkle event B occurs before event A (the opposite of what we observe). 

(g) No, event A cannot cause event B or vice versa. We note that 

Ax/Aí = (400 m)/(1.00 jus) = 4.00 x 10 8 m/s > c. 

A signal cannot travei from event A to event B without exceeding c, so causal influences 
cannot originate at A and thus affect what happens at B, or vice versa. 


26. (a) From Table 37-2, we find 


Ax' = y(Ax-vAt) = y(Ax-/3cAt) = y[400 m-^c(1.00 jus)] 
_ 400 m- (299.8 m)/? 

(b) A plot of Ax' as a function of /? with 0 < /3 < 0.01 is shown below: 



0.002 0.004 0.006 0.008 


0.01 


(c) A plot of Ax 1 as a function of f3 with 0.1 < f3 < 1 is shown below: 



(d) To find the minimum, we can take a derivative of Ax' with respect to p, simplify, and 
then set equal to zero: 

dAx _ d 
d(3 ~ d(3 


Ax - /3c At 
Jl-6 2 


(3Ax - cAt 
(1-J3 2 ) 312 


= 0 


This yields 


fi = 


cAt (2.998x IO 8 m/s)(l. 00x10 ~ 6 s) 


Ax 


400 m 


= 0.7495 ~ 0.750 


(e) Substituting this value of P into the part (a) expression yields Ax' = 264.8 m 
« 265 m for its minimum value. 


27. (a) One thing Einstein' s relativity has in common with the more familiar (Galilean) 
relativity is the reciprocity of relative velocity. If Joe sees Fred moving at 20 m/s 
eastward away from him (Joe), then Fred should see Joe moving at 20 m/s westward 
away from him (Fred). Similarly, if we see Galaxy A moving away from us at 0.35c then 
an observer in Galaxy A should see our galaxy move away from him at 0.35c, or 0.35 in 
multiple of c. 

(b) We take the positive axis to be in the direction of motion of Galaxy A, as seen by us. 
Using the notation of Eq. 37-29, the problem indicates v = +0.35c (velocity of Galaxy A 
relative to Earth) and u = -0.35c (velocity of Galaxy B relative to Earth). We solve for 
the velocity of B relative to A: 

u'_ u/c-v/c _ (-0.35) -0.35 _ Q 
c ~ 1-uv/c 2 ~1- (-0.35X0.35) ~ ' ' 

or \u'/c\ = 0.62. 


28. Using the notation of Eq. 37-29 and taking "away" (from us) as the positive direction, 
the problem indicates v = +0.4c and u = +0.8c (with 3 significant figures understood). We 
solve for the velocity of Q 2 relative to Q\ (in multiple of c): 

uT_ _ ulc-vlc _ 0.8-0.4 _ 
~c~ 1-uv/c 2 ~1- (0.8)(0.4) ~ 

in a direction away from Earth. 


29. We assume S' is moving in the +x direction. With u' = +0.40c and v = +0.60c, Eq. 37- 
29 yields 

u'+v 0.40c + 0.60c 

U = r- = T = 0.8 IC . 

1 + k'v/c 2 1 + (0.40c)(+0.60c)/c 2 


30. (a) We use Eq. 37-29: 

V+u 0.47c + 0.62c 


l + uv'/c 2 1 + (0.47)(0.62) 


= 0.84c , 


in the direction of increasing x (since v > 0). In unit-vector notation, we have 
v = (0.84c)i . 

(b) The classical theory predicts that v = 0.47c + 0.62c = 1.1c, or v = (l.lc)i 

(c) Now v' = -0.47c i so 


v'+u -0.47c + 0.62c 

v = T = = 0.21c , 

1 + kv'/c 2 l + (-0.47)(0.62) 

or v =(0.21c)i 


(d) By contrast, the classical prediction is v = 0.62c - 0.47c = 0.15c, or v = (0.15c)i 


31. (a) In the messenger's rest system (called S m ), the velocity of the armada is 

V- - a8 ° C - a95c , - -0.625c . 

l-vv m /c 2 l-(0.80c)(0.95c)/c 2 

The length of the armada as measured in S m is 

L =-^ = (1.01y)Jl-(-0.625) 2 =0.781 ly . 

TV 


Thus, the length of the trip is 


( , = r = 0781ly = 12 
lv'l 0.625c 


(b) In the armada' s rest frame (called S a ), the velocity of the messenger is 

v-v n 0.95c -0.80c 

v'= ^ = T = 0.625c . 

l-vv fl /c 2 l-(0.95c)(0.80c)/c 2 


Now, the length of the trip is 


v' 0.625c 


(c) Measured in system S, the length of the armada is 

L = — = 1.01yJl-(0.80) 2 = 0.60 ly 

r 

so the length of the trip is 


32. The Figure shows that u'= 0.80c when v = 0. We therefore infer (using the notation 
of Eq. 37-29) that u = 0.80c. Now, u is a fixed value and v is variable, so u 'as a function 
of v is given by 

,_ u-v 0.80c-v 
U ~ \-uvlc 2 ~l-(0.80)v/c 

which is Eq. 37-29 rearranged so that w'is isolated on the left-hand side. We use this 
expression to answer parts (a) and (b). 

(a) Substituting v = 0.90c in the expression above leads to u '= - 0.357c « - 0.36c. 


(b) Substituting v = c in the expression above leads to u '= -c (regardless of the value of 
u). 


33. Using the notation of Eq. 37-29 and taking the micrometeorite motion as the positive 
direction, the problem indicates v = -0.82c (spaceship velocity) and u = +0.82c 
(micrometeorite velocity). We solve for the velocity of the micrometeorite relative to the 
spaceship: 

, u-v 0.82c -(-0.82c) 

u = r- = = 0.98c 

l-uv/c 2 l-(0.82)(-0.82) 

or 2.94 x 10 m/s. Using Eq. 37-10, we conclude that observers on the ship measure a 
transit time for the micrometeorite (as it passes along the length of the ship) equal to 


a d 
At = — = 


350m 
2.94xl0 8 m/s 


■ = 1.2 x 10 s 


34. (a) Eq. 37-36 leads to a speed of 

v = — c = (0.004)(3.0x IO 8 m/s) = 1.2xl0 6 m/s « lxl0 6 m/s. 

À, 

(b) The galaxy is receding. 


35. We obtain 


Ak 
v = — c = 


620 nm-540 nm^ 


620 nm 


■J 


c = 0.13c. 


36. (a) Eq. 37-36 leads to 


v = ^c= 12 - Q0nm (2,998 x IO 8 m/s) = 7.000xl0 6 m/s . 
X 513.0nm 


(b) The line is shifted to a larger wavelength, which means shorter frequency. Recalling 
Eq. 37-31 and the discussion that follows it, this means galaxy NGC is moving away 
from Earth. 


37. The spaceship is moving away from Earth, so the frequency received is given directly 
by Eq. 37-31. Thus, 


/ = /o l^ =(1 oo MHz )l '- 0 - 9000 = 22.9MHz 
+ ^ V 1 + 0.9000 


38. We use the transverse Doppler shift formula, Eq. 37-37: / = f Q ^l-j3 2 , or 


X X 0 


We solve forÀ, -X r 


X — Xq — X g 


= (589.00 mm) 


Vl- (0.100) 2 


= +2.97nm 


39. (a) The frequency received is given by 



c c 1-0.20 


X X 0 \ 1+0.20 


which implies 


X = (450 nm)J 1 + 0,2 ° = 550 nm 
V 1-0.20 


(b) This is in the yellow portion of the visible spectnam. 


40. From Eq. 28-37, we have 

Q = -AMc 2 =-[3(4.00151u)-11.99671u]c 2 =-(0.00782u)(931.5MeV/u) 
= -7.28Mev. 

Thus, it takes a minimum of 7.28 MeV supplied to the system to cause this reaction. We 
note that the masses given in this problem are strictly for the nuclei involved; they are not 
the "atomic" masses that are quoted in several of the other problems in this chapter. 


41. (a) The work-kinetic energy theorem applies as well to relativistic physics as to 
Newtonian; the only difference is the specific formula for kinetic energy. Thus, we use W 
= AK where K = m e c\y- 1) (Eq. 37-52), and m e c 2 = 511 keV = 0.511 MeV (Table 37-3). 
Noting that 


we obtain 


AK = m e c (y f - /d, 


W = AK = mc 2 


= 0.996 keV»1.0keV. 


i ^ f 
= (511keV) 


(b) Similarly, 

W = (511keV) 


Vl-(0-99) 2 ^/l-(0.98) 2 


= 1055keV*l.l MeV. 


We see the dramatic increase in difficulty in trying to accelerate a particle when its initial 
speed is very close to the speed of light. 


42. The mass change is 

AM = (4.002603 u + 1 5 .9949 1 5 u) - (1.007825 u + 1 8 .998405u) = -0.0087 1 2u. 
Using Eq. 37-50 and Eq. 37-46, this leads to 

Q = -AM c 2 = -(-0.0087 1 2 u)(93 1.5 MeV / u) = 8.1 2 MeV. 


43. (a) From Eq. 37-52, y = (K/mc ) + 1, and from Eq. 37-8, the speed parameter is 


fi = ^1 - (1 / y f . Table 37-3 gives m e c 2 = 511 keV = 0.5 1 1 MeV, so the Lorentz factor is 


100 MeV . 

y = + 1 = 196.695. 

0.5 11 MeV 

(b) The speed parameter is 


p= 1 1 T =0.999987. 

\ (196.695) 


Thus, the speed of the electron is 0.999987c, or 99.9987% of the speed of light. 


44. (a) The work-kinetic energy theorem applies as well to Einsteinian physics as to 
Newtonian; the only difference is the specific formula for kinetic energy. Thus, we use 
Eq. 37-52 

W = AK = m e c\y- 1) 
and m e c 2 = 51 1 keV = 0.51 1 MeV (Table 37-3), and obtain 


W = mc l 


= (511keV) 


^l-(0.500) 2 


= 79.1 keV 


(b) W = (0.5 11 MeV) 


■yjl-(0.990f 


= 3.11 MeV. 


(c) W = (0.5 11 MeV) 


^-(o^o) 2 


= 10.9 MeV. 


2 2 

45. We set Eq. 37-55 equal to (3.00mc ) , as required by the problem, and solve for the 
speed. Thus, 

(pcf+(mc 2 f =9.00(mc 2 ) 2 

leads to p = mc .83mc. 


46. (a) Using K = m e c (y- 1) (Eq. 37-52) and 


mx 1 = 510.9989 keV = 0.5109989 MeV, 


we obtain 


K 1. 0000000 keV 
mc 2 + ~ 5 10.9989 keV 


r = ã + 1 = ^r^oT, + 1 = 1 -00195695 * 1 .0019570. 


(b) Therefore, the speed parameter is 


P=\\~= 1 1 = 0.062469542. 

V y 2 V (1.0019570) 2 


(c) For K = 1.0000000 MeV , we have 


, = JL + 1 . 1-OOOOMOMeV +1 . 2 . 95695137 5 . 2.9569514. 
mc 2 0.5 109989 MeV 


(d) The corresponding speed parameter is 

P = ^\-y- 2 = 0.941079236 * 0.94107924. 

(e) For K= 1.0000000 GeV, we have 


K 1000.0000 MeV 

mc 2+ " 0.5109989 MeV 


r = 2 +l = ~^ZZ~„ ,r +1 = 1957.951375 * 1957.9514. 


(f) The corresponding speed parameter is 


P = ^\- y - 2 =0.99999987 


47. (a) The strategy is to find the y factor from E = 14.24 x 10 9 J and m p c 2 = 1.5033 x 


10 1 J and from that find the contracted length. From the energy relation (Eq. 37-48), we 
obtain 


7 = 


14.24 x IO" 9 J 


m p c 2 1 .5033 x 10" 10 J 


: 94.73. 


Consequently, Eq. 37-13 yields 


T 0 1 

L = — = — — = 0.222 cm = 2.22 x IO 3 m. 
y 94.73 


(b) From the ^factor, we find the speed: 


v = c. 


1 


( 1 A 


\r ) 


= 0.99994c. 


Therefore, in our reference frame the time elapsed is 

0.21 m „„, __„, 


At = ^ = - 


v (0.99994)(2.998xl0 8 m/s) 


= 7.01x10 _,u s 


(c) The time dilation formula (Eq. 37-7) leads to 


Aí = r Aí 0 =7.01xlO" 1() s 


Therefore, according to the proton, the trip took 

Aio = 2.22 x 10~ 3 /0.99994c = 7.40 x IO" 12 s. 


48. (a) From the information in the problem, we see that each kilogram of TNT releases 
(3.40 x IO 6 J/mol)/(0.227 kg/mol) = 1.50 x IO 7 J. Thus, 

(1.80 x IO 14 J)/(1.50 x IO 7 J/kg) = 1.20 x IO 7 kg 

Q 

of TNT are needed. This is equivalent to a weight of « 1.2 x 10 N. 

(b) This is certainly more than can be carried in a backpack. Presumably, a train would 
be required. 

(c) We have 0.00080mc 2 = 1.80 x IO 14 J, and find m = 2.50 kg of fissionable material is 
needed. This is equivalent to a weight of about 25 N, or 5.5 pounds. 

(d) This can be carried in a backpack. 


49. (a) We set Eq. 37-41 equal to mc, as required by the problem, and solve for the speed. 
Thus, 

mv 

, = = mc 

^\-v 2 lc 2 

leadsto fi = 1/V2 = 0.707. 

(b) Substituting /? = 1/ V2 into the definition of y, we obtain 


Vl-v 2 /c 2 Vl-(l/2) 

(c) The kinetic energy is 

Z = (y-l)mc 2 =(V2-l)mc 2 =0.414mc 2 =0.414E 0 . 

which implies K / E Q = 0.414 . 


50. (a) We set Eq. 37-52 equal to 2mc , as required by the problem, and solve for the 
speed. Thus, 


mc 


1 


-1 


= 2mc 


leadsto (3 = 2V2/3 « 0.943. 


(b) We now set Eq. 37-48 equal to 2mc and solve for the speed. In this case, 


mc 


= 2mc 


leadsto /? = V3/2 « 0.866. 


51. Since the rest energy Eq and the mass m of the quasar are related by E 0 = mc , the rate 
P of energy radiation and the rate of mass loss are related by 


Thus, 


dm _ P 

— —— 


P = dE 0 /dt = (dm/dt)c . 
lxl0 41 W 


= l.llxl0 24 kg/s 


dt c (2.998 x IO 8 m/s) 
Since a solar mass is 2.0 x 10 kg and a year is 3.156 x 10 s, 


dm 
dt 


= (l.llxl0 24 kg/s) 


3.156 x IO 7 s/y 
2.0xl0 30 kg/smu 


18smu/y. 


52. (a) Squaring Eq. 37-47 gives 

E 2 = (mc 2 f + 2mc 2 K+K 2 
which we set equal to Eq. 37-55. Thus, 


(me 2 )' + 2mc 2 K + K 2 =(pcf +(mc 2 f => m = ^~^ ^ ' 

(b) At low speeds, the pre-Einsteinian expressions p = mv and K = \mv 2 apply. We note 
that pc » K at low speeds since c » v in this regime. Thus, 


(mvcf -Umv 2 f ímvcf 

m — > ~ — = vn 

2{\mv 2 )c 2 2{\mv 2 )c 2 


(c) Here,pc= 121 MeV, so 


m = ^\ JJ = 105.6 MeV / c 2 
2(55)c 2 


Now, the mass of the electron (see Table 37-3) is m e = 0.511 Me V/c 2 , so our result is 
roughly 207 times bigger than an electron mass, i.e., mlm e « 207 . The particle is a muon. 


53. The energy equivalent of one tablet is 

mc 2 = (320 x 1(T 6 kg) (3.00 x 10 8 m/s) 2 = 2.88 x 10 13 J. 
This provides the same energy as 

(2.88 x 10 13 J)/(3.65 x IO 7 J/L) = 7.89 x IO 5 L 
of gasoline. The distance the car can go is 

d= (7.89 x IO 5 L) (12.75 km/L) = 1.01 x IO 7 km. 
This is roughly 250 times larger than the circumference of Earth (see Appendix C). 


54. From Eq. 37-52, y = (K/mc ) + 1, and from Eq. 37-8, the speed parameter is 


2 

(a) Table 37-3 gives m e c =511 keV = 0.51 1 MeV, so the Lorentz factor is 

10.00 MeV , nn cn 

y = + 1 = 20.57, 

0.5110MeV 


(b) and the speed parameter is 


fi = J\-(\ly) 2 = 1 1 — -=0.9988. 

V V ' \ (20.5 


siy 


(c) Using m p c = 938.272 MeV, the Lorentz factor is 

y= 1 + 10.00 MeV/938.272 MeV = 1.01065 «1.011. 

(d) The speed parameter is 


P = ^jl-y- 2 = 0.144844 * 0. 1448. 

(e) With niac 2 = 3727.40 MeV, we obtain y= 10.00/3727.4 + 1 = 1.00268 * 1.003 . 

(f) The speed parameter is 

P = ^\-y- 2 = 0.0731037 * 0.07310 . 


55. Using the classical orbital radius formula r 0 = mv 1 1 q I B , the period is 


r o = 2;rr 0 I v = 2nm l\q\B. 
In the relativistic limit, we must use 

p ymv 

r = = = yr a 

\q\B \q\B 

which yields 

2nr 2n:m _ 

T = = y = yT 0 

v \q\B 

(b) The period T is not independent of v. 

(c) We interpret the given 10.0 MeV to be the kinetic energy of the electron. In order to 
make use of the mc 2 value for the electron given in Table 37-3 
(511 keV = 0.51 1 MeV) we write the classical kinetic energy formula as 

A 2\ 


^ch,sMcai=^v 2 = ^-(mc 2 ) ^ =^-(mc 2 )/? 2 


\ c J 


If ^classical = 10.0 MeV, then 


2^ classical _ 2(l0.0MeV) 


B = J — '=^- = ,P '- = 6.256, 

V mc 2 \ 0.51 IMeV 

which, of course, is impossible (see the Ultimate Speed subsection of §37-2). If we use 
this value anyway, then the classical orbital radius formula yields 


mv mBc (9.11xl0" 31 kg) (6.256) Í2.998xl0 8 m/s) 
r = jm^ = mp^ = \ B)_y M ^ = 4.85xKT 3 m. 

\q\B eB (l.6xl0" 19 C) (2.20T) 


(d) Before using the relativistically correct orbital radius formula, we must compute /? in 
a relativistically correct way: 

2, 10.0 MeV . on „ 

K = mc (y-í) ^> y = + 1 = 20.57 

0.511 MeV 


which implies (from Eq. 37-8) 



(20.57) 


1 


-= 0.99882. 


Therefore, 

_ ymv _^mygc_(20.57)(9.11xl0' 31 kg)(0.99882)(2.998xlQ 8 m/s) 
V ~\q\B~ eB ~ (1.6xl0 19 C)(2.20T) 

= 1.59xl0~ 2 m. 

(e) The classical period is 

T = ^= ^(4.85x10-3 m) 
/?c (6.256) (2.998 x 10 8 m/s) 

(f) The period obtained with relativistic correction is 


56. (a) The proper lifetime Aio is 2.20 jus, and the lifetime measured by clocks in the 
laboratory (through which the muon is moving at high speed) is Aí = 6.90 jus. We use Eq. 
37-7 to solve for the speed parameter: 

\ L Aí J ^ ^6.90 jus J 

(b) From the answer to part (a), we find y= 3.136. Thus, with (see Table 37-3) 

m^fi 2 = 201m e c 2 = 105.8 MeV, 

Eq. 37-52 yields 

# = m/i c 2 (/-l) = (105.8MeV)(3. 136-1) = 226MeV. 

(c) We write m^c = 105.8 Me V/c and apply Eq. 37-41: 

p = ym^ = ym^pP = (3.1 36)(l 05.8 MeV/ c)(0.9478) = 314 MeV/c 

which can also be expressed in SI units (p = 1.7 x 10~ 19 kg-m/s). 


57. The distance traveled by the pion in the frame of Earth is (using Eq. 37-12) d = vAt. 
The proper lifetime Aí 0 is related to Aí by the time-dilation formula: Aí = /Ato. To use this 
equation, we must first find the Lorentz factor y (using Eq. 37-48). Since the total energy 
of the pion is given by E = 1.35 x IO 5 MeV and its me 2 value is 139.6 MeV, then 

E 1.35 x IO 5 MeV n „„ 

v = — T = = 967.05. 

mc 2 139.6 MeV 

Therefore, the lifetime of the moving pion as measured by Earth observers is 

Aí = yAt 0 = (967.1)(35.0 x IO" 9 s) = 3.385 x 10 5 s, 

and the distance it traveis is 

d~cAt = (2.998 x 10 8 m/ s)(3.385 x 10 5 s) = 1.015 x IO 4 m = 10.15km 

where we have approximated its speed as c (note: its speed can be found by solving Eq. 
37-8, which gives v = 0.9999995c; this more precise value for v would not significantly 
alter our final result). Thus, the altitude at which the pion decays is 120 km - 10.15 km = 
110 km. 


58. (a) The binomial theorem tells us that, for x small, 

(1 +x) v ~ 1 + VX + V2V(V-1)X 2 

if we ignore terms involving x and higher powers (this is reasonable since if x is small, 
say x = 0.1, then x 3 is much smaller: x 3 = 0.001). The relativistic kinetic energy formula, 
when the speed v is much smaller than c, has a term that we can apply the binomial 
theorem to; identifying -P 2 as x and -1/2 as v, we have 

y = (l -P 2 ) 1/2 * 1 + B4)(-p*) + V2(-V2)((-V2)-\)(-P) 2 . 

Substituting this into Eq. 37-52 leads to 

K = mc 2 (y - 1) » mc^C-ViX-p 2 ) + Vi (-&)((-&) - l)(-P 2 ) 2 ) 

which simplifies to 

K « 2 mc2 P 2 +gWC 2 p 4 = 2 mv2 + %tnv 4 /c 2 . 

(b) If we use the mc 2 value for the electron found in Table 37-3, then for P = 1/20, the 
classical expression for kinetic energy gives 

^dassicai = \mv 2 = \mc 2 = \ (8. 19 x 10 14 J) ( 1/20) 2 = 1.0 x 10 16 J . 

(c) The first-order correction becomes 

Kfirst-order = fmvV = f MC 2 p 4 = § (8. 19 X 10 14 J) ( 1/20) 4 = 1.9 X 10 19 J 

which we note is much smaller than the classical result. 

(d) In this case, P = 0.80 = 4/5, and the classical expression yields 

Classical = \mv 2 = \mc 2 = \ (8. 19 x IO" 14 J) (4/5) 2 =2.6 x 10 14 J . 

(e) And the first-order correction is 

^first-order = fwivV = f MC 2 tf = § (8. 19 X 10 14 J) (4/5) 4 = 1.3 X 10 14 J 

which is comparable to the classical result. This is a signal that ignoring the higher order 
terms in the binomial expansion becomes less reliable the closer the speed gets to c. 


(f) We set the first-order term equal to one-tenth of the classical term and solve for P: 

§mc 2 p 4 = ^(|mc 2 p 2 ) 

and obtain /? = V2/15 * 0.37 . 


59. (a) Before looking at our solution to part (a) (which uses momentum conservation), it 
might be advisable to look at our solution (and accompanying remarks) for part (b) 
(where a very different approach is used). Since momentum is a vector, its conservation 
involves two equations (along the original direction of alpha particle motion, the x 
direction, as well as along the final proton direction of motion, the y direction). The 
problem states that ali speeds are much less than the speed of light, which allows us to 
use the classical formulas for kinetic energy and momentum (K = \mv 2 and p = mv, 

respectively). Along the x and y axes, momentum conservation gives (for the components 


o f v oxy ): 


m„ 4 


m v =m v => v = — —v ~ — v 

a a oxy oxy,jc oxy,x a i n a 

^oxy 17 

m p 1 

0 = m v +m v => v = —v ~ v . 

oxy^oxy.y p" p ^ "oxy.y " p " p- 

m oxy 1 ' 

To complete these determinations, we need values (inferred from the kinetic energies 
given in the problem) for the initial speed of the alpha particle (v a ) and the final speed of 
the proton (v p ). One way to do this is to rewrite the classical kinetic energy expression as 
K = j(mc 2 )/3 2 and solve for /?(using Table 37-3 and/or Eq. 37-46). Thus, for the proton, 
we obtain 


2K r _ /2(«4MeV) 


m/ \ 938 MeV 


This is almost 10% the speed of light, so one might worry that the relativistic expression 
(Eq. 37-52) should be used. If one does so, one finds (5 P = 0.969, which is reasonably 
close to our previous result based on the classical formula. For the alpha particle, we 
write 

niac 2 = (4.0026 u)(931.5 MeV/u) = 3728 MeV 

(which is actually an overestimate due to the use of the "atomic mass" value in our 
calculation, but this does not cause significant error in our result), and obtain 


2^ = 2(7.70 MeV) 
\m a c 2 \ 3728 MeV 

Returning to our oxygen nucleus velocity components, we are now able to conclude: 

v oxy ,, - ^v a => fi^ * = ^(0.064) = 0.015 
lv 0 xy,>> ^v p p 0 ^ y « ^p p = ^(0.097) = 0.0057 


Consequently, with m oxy c 2 « (17 u)(931.5 MeV/u) = 1.58 x IO 4 MeV, we obtain 

^ oxy =|Kx/)(A 2 xy ,.+/i o 2 w ) = |(1.58xl0 4 MeV)(0.015 2 +0.0057 2 )*2.08 MeV. 

(b) Using Eq. 37-50 and Eq. 37-46, 

Q = -(1 .007825u + 16.99914u - 4.00260u - 14.00307 u)c 2 
= -(0.001295u)(931.5MeV/u) 

which yields Q = -1.206 MeV « -1.21 MeV . Incidentally, this provides an alternate way 
to obtain the answer (and a more accurate one at that!) to part (a). Eq. 37-49 leads to 

K my =K a +Q-K p =7.70MeV-1206MeV -4.44 MeV 
= 2.05 MeV. 


This approach to finding K oxy avoids the many computational steps and approximations 
made in part (a). 


60. By examining the value of u' when v = 0 on the graph, we infer u = -0.20c. Solving 
Eq. 37-29 for u' and inserting this value for u, we obtain 

i u-v -0.20c - v 
U = 1 - uv/c 2 = 1 + 0.20v/c 

for the equation of the curve shown in the figure. 

(a) With v = 0.80c, the above expression yields u' = -0.86c. 


(b) As expected, setting v = c in this expression leads to u' = 


-c. 


61. (a) The spatial separation between the two bursts is vt. We project this length onto the 
direction perpendicular to the light rays headed to Earth and obtain D app = vt sin 6. 


(b) Burst 1 is emitted a time t ahead of burst 2. Also, burst 1 has to travei an extra 
distance L more than burst 2 before reaching the Earth, where L = vt cos 6 (see Fig. 37- 
30); this requires an additional time t' = L/c. Thus, the apparent time is given by 


^ , vtcosO 
T m =t-t' = t = t 


cosO 


(c) We obtain 


y _ ^app 


app 


app 


(v / c) sin 6 
l-(v I c) COS0 


c = 


(0.980) sin 30.0° 
1- (0.980) cos 30.0° 


c = 3.24 c. 


62. (a) Eq. 2' of Table 37-2, becomes 

Aí' = y(Aí - pAx/c) = y[1.00 - #240 m)/(2.998 x IO 2 m/\is )] 
= 7(1.00- 0.800/5) //s 

where the Lorentz factor is itself a function of /?(see Eq. 37-8). 
(b) A plot of Aí' is shown for the range 0 < /? < 0.01 : 


A/ '(MS) 


0.998 


0.996 


0.994 


0.992 



(c) A plot of Aí' is shown for the range 0. 1 < J3 < 1 : 


A/ '(Us) 



(d) The minimum for the Aí' curve can be found from by taking the derivative and 
simplifying and then setting equal to zero: 

^= y 3 (PAí-Ax/c) = 0. 

Thus, the value of /? for which the curve is minimum is f3 = Ax/cAt = 240/299.8, or 
/? = 0.801. 


(e) Substituting the value of (5 from part (d) into the part (a) expression yields the 
minimum value Aí' = 0.599 us. 


(f) Yes. We note that Ax/At = 2.4 xlO m/s < c. A signal can indeed travei from event A 
to event B without exceeding c, so causal influences can originate at A and thus affect 
what happens at B. Such events are often described as being "time-like separated" - and 
we see in this problem that it is (always) possible in such a situation for us to find a frame 
of reference (here with /?~ 0.801) where the two events will seem to be at the same 
location (though at different times). 


63. (a) Eq. 1' of Table 37-2 becomes 

Ax' = y(Ax - pcAt) = y[(240 m) - p(299.8 m)] 
(b) A plot of Ax' for 0 < /3 < 0.01 is shown below: 



0.002 0.004 0.006 0.008 0.01 


(c) A plot of Ax' for 0.1 < /? < 1 is shown below: 



We see that Ax' decreases from its (3= 0 value (where it is equal to Ax = 240 m) to its 
zero value (at f3& 0.8), and continues (without bound) downward in the graph (where it is 
negative - implying event B has a smaller value of x' than event A!). 


(d) The zero value for Ax' is easily seen (from the expression in part (b)) to come from 
the condition Ax - f3cAt = 0. Thus (3 = 0.801 provides the zero value of Ax'. 


64. (a) According to ship observers, the duration of proton flight is Aí' = (760 m)/0.980c 
= 2.59 /us (assuming it traveis the entire length of the ship). 

(b) To transform to our point of view, we use Eq. 2 in Table 37-2. Thus, with Ax' = 
-750 m, we have 

Aí = y(Aí' + (0.950c)Ay/c 2 ) = 0.572//s. 

(c) For the ship observers, firing the proton from back to front makes no difference, and 
Aí' = 2.59 jus as before. 

(d) For us, the fact that now Ax' = +750 m is a significant change. 

Aí = y(Aí' + (0.950c) A y/c 2 ) = 16.0//s. 


65. (a) From the length contraction equation, the length L' c of the car according to 
Garageman is 

L' c = ^ = L cA /l-/? 2 = (30.5 m)Vl-(0.9980) 2 = 1.93 m. 


(b) Since the x g axis is fixed to the garage x g i = L g = 6.00 m. 

(c) As for t g 2, note from Fig. 37-31 (b) that, at t g = t g \ = 0 the coordinate of the front 
bumper of the limo in the x g frame is L' c , meaning that the front of the limo is still a 
distance L g - L' c from the back door of the garage. Since the limo traveis at a speed v, the 
time it takes for the front of the limo to reach the back door of the garage is given by 

L g - L' 6.00 m- 1.93 m , _ „ 

A K = Ki ~ Ki = — — - = r = 136 x 10 s - 

s g2 gl v 0.9980(2.998 x 10 8 m/s) 

Thus t g2 = t g i + At g = 0 + 1.36 x IO 8 s = 1.36 x IO 8 s. 

(d) The limo is inside the garage between times t g \ and t g 2, so the time duration is t g 2 - t g \ 
= 1.36xl0~ 8 s. 

(e) Again from Eq. 37-13, the length L' g of the garage according to Carman is 

L'=^=L J\-(3 2 = (6.00 m) A /l-(0.9980) 2 = 0.379 m. 

(f) Again, since the x c axis is fixed to the limo x c2 = L c = 30.5 m. 

(g) Now, from the two diagrams described in part (h) below, we know that at t c = t C 2 
(when event 2 takes place), the distance between the rear bumper of the limo and the back 
door of the garage is given by L c — L' . Since the garage traveis at a speed v, the front 
door of the garage will reach the reaf bumper of the limo a time At c later, where At c 
satisfies 

L c -L' 30.5m-0.379 m , rt1 in _ 7 

A K= t d- t c2=— ~ = s = 1.01x10 s. 

c el e2 v 0.9980(2.998 x 10 8 m/s) 

Thus t c2 = t cl - At c = 0 - 1.01 x IO 7 s = -1.01 x 10 7 s. 

(h) From Carman' s point of view, the answer is clearly no. 

(i) Event 2 occurs first according to Carman, since t C 2 < t c \. 

(j) We describe the essential features of the two pictures. For event 2, the front of the 
limo coincides with the back door, and the garage itself seems very short (perhaps failing 
to reach as far as the front window of the limo). For event 1, the rear of the car coincides 
with the front door and the front of the limo has traveled a significant distance beyond the 


back door. In this picture, as in the other, the garage seems very short compared to the 
limo. 

(k) No, the limo cannot be in the garage with both doors shut. 

(1) Both Carman and Garageman are correct in their respective reference frames. But, in a 
sense, Carman should lose the bet since he dropped his physics course before reaching 
the Theory of Special Relativity! 


66. The line in the graph is described by Eq. 1 in Table 37-2: 

Ax = vyAt' + yAx' = ("slope")Àí' + "y-intercept" 

where the "slope" is 7.0 x 10 m/s. Setting this value equal to vy leads to v = 2.8 xlO m/s 
and y = 2.54. Since the "y-intercept" is 2.0 m, we see that dividing this by y leads to Ax' 
= 0.79m. 


67. Interpreting v AB as the jc-component of the velocity of A relative to B, and defining the 
corresponding speed parameter f3 AB = V AB lc, then the result of part (a) is a straightforward 
rewriting of Eq. 37-29 (after dividing both sides by c). To make the correspondence with 
Fig. 37-11 clear, the particle in that picture can be labeled A, frame S' (or an observer at 
rest in that frame) can be labeled B, and frame S (or an observer at rest in it) can be 
labeled C. The result of part (b) is less obvious, and we show here some of the álgebra 
steps: 

M AC =M AB -M BC => lzÊA^ = ±zJ?AtL.±ZÊBÇL 
We multiply both sides by factors to get rid of the denominators 


(1 - P AC )(1 + /3 AB )(1 + fi BC ) = (1 - /3 AB )(1 - /3 BC )(1 + P AC ) 

and expand: 

1 - pAC + PaB + pBC - PAC PÁS - PAC PfiC + pAB PflC ~ PaB PflC pAC = 
1 + P AC - P,4 B - p BC - p AC PÁS - PAC PfiC + PAB PflC + pAB pBC pAC 

We note that several terms are identical on both sides of the equals sign, and thus cancel, 
which leaves us with 

-pAC + PAB + PBC - PAB pBC pAC = pAC ~ PaB ~ pBC + pAB pBC pAC 

which can be rearranged to produce 

2p AB +2p BC =2p AC +2p AB p BC (3 AC . 


The left-hand side can be written as 2p AC (1 + Pab Pbc) in which case it becomes clear 
how to obtain the result from part (a) [just divide both sides by 2(1 + p AB p BC )]. 


68. We note, because it is a pretty symmetry and because it makes the part (b) 
computation move along more quickly, that 


M = — — => B = . 

1 + J3 l + M 

Here, with f3 AB given as 1/2 (see problem statement), then M AB is seen to be 1/3 (which is 
(1 - 1/2) divided by (1 + 1/2) ). Similarly for fi BC . 

(a) Thus, 

1 1 1 


(b) Consequently, 


M AC =M AB -M BC =-^ ^ 9 


_1-M AC _ 1-1/9 _ A_l_ 080 


(c) By the definition of the speed parameter, we finally obtain v AC = 0.80c. 


69. We note, for use later in the problem, that 


M = — — => B = 

1 + J3 l + M 


Now, with f3 AB given as 1/5 (see problem statement), then M AB is seen to be 2/3 (which is 
(1 - 1/5) divided by (1 + 1/5) ). With (5 BC = - 2/5, we similarly find M BC = 7/3, and for 
pco = 3/5 we get M CD = 1/4 . Thus, 


M AD = M AB M BC M CD = 


2 7 I_ J_ 

3 ' 3 ' 4~ 18 


Consequently, 


_1-M AD _ 1-7/18 _ 11 
fo-l+Mju, ~ i + 7/18 ~ 25 -°- 44 - 


By the definition of the speed parameter, we obtain v AD = 0.44c. 


70. We are asked to solve Eq. 37-48 for the speed v. Algebraically, we find 



f 2 \ 

- 

mc 



V E j 


Using E = 10.611x10 J and the very accurate values for c and m (in SI units) found in 
Appendix B, we obtain (3= 0.99990. 


71. The strategy is to find the speed from E = 1533 MeV and mc = 0.511 MeV (see 
Table 37-3) and from that find the time. From the energy relation (Eq. 37-48), we obtain 


v = cjl- 


f 2 \ 2 

mc 


cjl- 


'O.SllMeV^ 2 


1533 MeV 


= 0.99999994c * c 


so that we conclude it took the electron 26 y to reach us. In order to transform to its own 
"clock" it's useful to compute ^directly from Eq. 37-48: 


1533 MeV 


mc 2 0.511 MeV 


= 3000 


though if one is careful one can also get this result from y = 11 yl-(v / c) 2 . Then, Eq. 
37-7 leads to 


Aí„=- = ^: = 0.0087 y 


r 3000 


so that the electron "concludes" the distance he traveled is 0.0087 light-years (stated 
differently, the Earth, which is rushing towards him at very nearly the speed of light, 
seemed to start its journey from a distance of 0.0087 light-years away). 


72. The mean lifetime of a pion measured by observers on the Earth is Aí = /Át 0 , so the 
distance it can travei (using Eq. 37-12) is 

, . . (0.99)(2.998 x IO 8 m/s)(26x IO" 9 s) cc 
d = v At = yvAt Q = . = 55m . 

Vl-(0.99) 2 


73. We use Eq. 37-54 with mc 2 = 0.511 MeV (see Table 37-3): 

pc = ^K 2 + 2Kmc 2 = V(2.00 MeV) 2 + 2(2.00 MeV)(0.511 MeV) 
This readily yields p = 2.46 MeV/c. 


74. Using Eq. 37-10, 


P= V - = ^= 6 -° y =0.75. 
c t 2.0y + 6.0y 


75. When /? = 0.9860, we have y = 5.9972, and when /3= 0.9850, we have y = 5.7953. 
Thus, A/= 0.202 and the change in kinetic energy (equal to the work) becomes (using Eq. 
37-52) 

W=AK = (mc 2 )Ay = (938 MeV)(5.9972- 5.7953) = 189 MeV 


2 

where mc = 938 MeV has been used (see Table 37-3). 


76. (a) The relative contraction is 


\AL\ _ L 0 (l-y , ) _ 
= 2.21xl(T 12 . 


f 1 ^ 
2 


2 2 


630m/s 
3.00xl0 8 m/s 


(b) Letting I Aí - Aí 0 l= At 0 (y - 1) = r = 1.00//S , we solve for At 0 : 

T _ T T _2T 

h ~J^\~ (\-p 2 T m -\* \ + \p 2 -\~Jf 
2(1.00 xl(T 6 s)(ld/86400s) 
~ [(630m/ s) / (2.998 x 10 8 ml s)] 2 
= 5.25 d . 


77. (a) v r =2v = 2(27000 km/h) = 5.4 x IO 4 km/h. 

(b) We can express c in these units by multiplying by 3.6: c = 1.08 x IO 9 km/h. The 
correct formula for v r is v r = 2v/(l + v 2 /c 2 ), so the fractional error is 


1- 


l + v7c 2 


=1— 


1+ 


(27000 km/h) /(l .08 x IO 9 km/h) 


= 6.3x10 


-10 


78. (a) Using Eq. 37-7, we expect the dilated time intervals to be 


T = yr 0 = 


Vl-(v/c) 2 


(b) We rewrite Eq. 37-31 using the fact that period is the reciprocai of frequency 


(c) The Doppler shift combines two physical effects: the time dilation of the moving 
source and the travel-time differences involved in periodic emission (like a sine wave or 
a series of pulses) from a traveling source to a "stationary" receiver). To isolate the 
purely time-dilation effect, it's useful to consider "local" measurements (say, comparing 
the readings on a moving clock to those of two of your clocks, spaced some distance 
apart, such that the moving clock and each of your clocks can make a close-comparison 
of readings at the moment of passage). 


(f R = r R and f 0 = r Q ): 



79. We refer to the particle in the first sentence of the problem statement as particle 2. 
Since the total momentum of the two particles is zero in S\ it must be that the velocities 
of these two particles are equal in magnitude and opposite in direction in S'. Letting the 
velocity of the S' frame be v relative to S, then the particle which is at rest in S must have 
a velocity of u\ = -v as measured in S', while the velocity of the other particle is given 
by solving Eq. 37-29 for u': 


, u 0 -v (c/2)-v 
u 2 = 


l-u 2 v/c z l-(c/2)(v/c z ) 
Letting u 2 = -u[ = v , we obtain 

— (c/2) ~ V - = v => v = c(2±V3)« 0.27c 
l-(c/2)(v/c 2 ) 


where the quadratic formula has been used (with the smaller of the two roots chosen so 
that v < c). 


80. (a) Our lab-based measurement of its lifetime is figured simply from 


t = L/v = 7.99 x 1(T 13 s. 
Use of the time-dilation relation (Eq. 37-7) leads to 

Aí 0 = (7.99 x 1CT 13 s)Vl-(0.960) 2 = 2.24 x 1CT 13 s. 

(b) The length contraction formula can be used, or we can use the simple speed-distance 
relation (from the point of view of the particle, who watches the lab and ali its meter 
sticks rushing past him at 0.960c until he expires): L = vAí 0 = 6.44 x 10 5 m. 


81. (a) For a proton (using Table 37-3), we have 


2 938MeV 


which gives 


E = ymc 1 = = 6.65 GeV 

Vi-(0.990) 2 


K = E-m p c z = 6.65GeV -938MeV = 5.7 lGeV 


(b) From part (a), E = 6.65 GeV . 

(c) Similarly, we have 


. 2 ._. (938MeV)(0.990)/c , ___ ... 
p = ym v = y(m c )j3/c = - . ^— = 6.58GeV/c . 

V 1 "^- 990 ) 2 


(d) For an electron, we have 


0.511MeV 


E = ym e c = . ' = 3.62MeV 

Vi-(0.990) 2 

which yields 

J f: = £-m í ,c 2 =3.625MeV-0.511MeV = 3.11MeV. 
(e) From part (d), E = 3.62MeV . 


, 2, ol (0.511MeV)(0.990)/c 
(f) p = ymy = y(m e c )filc = . = 3.59MeV/c . 

Vl-(0.990) 2 


82. (a) Eq. 37-37 yields 


X \\ + P l + (ÃJÁ) 2 

With À 0 /Â = 434 / 462 , we obtain J3 = 0.062439, or v = 1.87 x IO 7 m/s. 

(b) Since it is shifted "towards the red" (towards longer wavelengths) then the galaxy is 
moving away from us (receding). 


83. (a) We assume the electron starts from rest. The classical formula for kinetic energy is 
Eq. 37-51, so if v = c then this (for an electron) would be \mc 1 = |(511 ke V) = 

255.5 ke V (using Table 37-3). Setting this equal to the potential energy loss (which is 
responsible for its acceleration), we find (using Eq. 25-7) 

y = 255.5 1«V = 255JgV 
\q\ e 

(b) Setting this amount of potential energy loss (\AU\ = 255.5 keV) equal to the correct 
relativistic kinetic energy, we obtain (using Eq. 37-52) 

mc , = 
which yields v = 0.745c = 2.23 x 10 5 m/s. 


= IAÍ/I 


v = cjl + 


yl-MJ/mc j 


84. Using Appendix C, we find that the contraction is 


\AL\= L Q -L= L 0 


Ml 

í 

= 2(6.370 x IO 6 m) 


1- 


V 


1- 


3.0 x IO 4 m/s 
v 2.998xl0 8 m/s y 


= 0.064 m. 


85. The speed of the spaceship after the first increment is vi = 0.5c. After the second one, 
it becomes 

v' + v, 0.50c + 0.50c „ nn 

V, = y-r = y-r-r = 0.80c, 

\ + v'vJc 2 l + (0.50c) 2 /c 
and after the third one, the speed is 


v'+v 7 0.50c + 0.50c nnnn 

v = — = = 0929c 

3 l + v'v 2 /c 2 1 + (0.50c) (0.80c)/c 2 


Continuing with this process, we get V4 = 0.976c, V5 = 0.992c, ve = 0.997c and vj = 0.999c. 
Thus, seven increments are needed. 


86. We use the relative velocity formula (Eq. 37-29) with the primed measurements being 
those of the scout ship. We note that v = -0.900c since the velocity of the scout ship 
relative to the cruiser is opposite to that of the cruiser relative to the scout ship. 


87. Let the reference frame be S in which the particle (approaching the South Pole) is at 
rest, and let the frame that is fixed on Earth be S'. Then v = 0.60c and u' = 0.80c (calling 
"downwards" [in the sense of Fig. 37-35] positive). The relative speed is now the speed 
of the other particle as measured in S: 


88. (a) AE = Ame 2 = (3.0 kg)(0.0010)(2.998 x 10 8 m/s) 2 = 2.7 x IO 14 J. 

(b) The mass of TNT is 

(2.7 x IO 14 J)(0.227 kg/mol) 

m TNT = t = 1.8 x 10 kg. 

TNT 3.4xl0 6 J 

(c) The fraction of mass converted in the TNT case is 

Am TNT = (3.0 kg)(0.0010) 1Q _ 9 
1.8 x IO 7 kg 


Therefore, the fraction is 0.0010/1.6 x 10 9 = 6.0 x IO 6 


1. Let R be the rate of photon emission (number of photons emitted per unit time) of the 
Sun and let E be the energy of a single photon. Then the power output of the Sun is given 
by P = RE. Now 

E = hf= hclX, 

where h = 6.626 x 1(T 34 Js is the Planck constant,/is the frequency of the light emitted, 
and X is the wavelength. Thus P = RhclX and 

XP (550nm)Í3.9xl0 26 W) 

R = — = — -\. r = 1.0 x 10 photons / s. 

hc (6.63xl0" 34 J-s)(2.998xl0 8 m/s) 


2. We denote the diameter of the laser beam as d. The cross-sectional area of the beam is 
A = nd IA. From the formula obtained in Problem 38-1, the rate is given by 

r XP 4(633nm)(5.0xlCr 3 w) 
A hc(nd 2 /4) 7r(6.63xlO" 34 J-s)(2.998xl0 8 m/s)(3.5xlO" 3 m) 2 
= 1.7xl0 21 photons/m 2 -s. 


3. The energy of a photon is given by E = hf, where h is the Planck constant and /is the 
frequency. The wavelength X is related to the frequency by Xf = c, so E = hclX. Since h = 


6.626 x 10 34 J-s and c = 2.998 x 10 ò m/s, 


(6.626 x 1CT 34 J • s)Í2.998 x 10 8 ml s) 

hc = ^ ^ = 1240eV • nm. 

(1.602 x IO" 19 J / eV)(lO~ 9 m/ nm) 


Thus, 

„ 1240eV-nm 
E = - 


X 
With 

X = (1, 650, 763.73)" 1 m = 6.0578021 x 10 7 m = 605.78021 nm, 


we find the energy to be 


fc = 1240eV.nm 
1 605.78021 nm 


4. The energy of a photon is given by E = hf, where h is the Planck constant and /is the 
frequency. The wavelength X is related to the frequency by Xf= c, so E = hclX. Since h = 
6.626 x 1(T 34 J s and c = 2.998 x IO 8 m/s, 

(6.626 x 10 34 J • s)Í2.998 x IO 8 ml s) 

hc = \ A . . / = 1240eV • nm. 

(1.602 x 10 J / eV)(lO~ 9 ml nm) 

Thus, 

^ 1240eV-nm 
E = . 

X 

With X = 589 nm , we obtain 

£ = ^ = 1240eV-nm = 211eV 
X 589nm 


5. (a) Let E = 1240 éV-mn/X^ = 0.6 eV to get 1 = 2.1 x 10 3 nm = 2.1 /ml 
(b) It is in the infrared region. 


6. Let 


and solve for v: 


-my = E 


photon 


hc 

T 


V = 


2hc 


V 


lhe 

Xm„c 2 


-c =c 


lhe 


X(m e c 2 ) 


2(l240eV-nm) s 

= (2.998 x IO 8 m/s) i — 1 — = 8.6 x IO 5 m/s. 

/l '(590nm)(5llxl0 3 eV) 


Since v <sc c, the non-relativistic formula K = \mv 2 may be used. The m e c 2 value of 
Table 37-3 and /zc = l240eV-nm are used in our calculation. 


7. (a) Let R be the rate of photon emission (number of photons emitted per unit time) and 
let E be the energy of a single photon. Then, the power output of a lamp is given by P = 
RE if ali the power goes into photon production. Now, E = hf = hc/X, where h is the 
Planck constant,/is the frequency of the light emitted, and X is the wavelength. Thus 

Â hc 

The lamp emitting light with the longer wavelength (the 700 nm infrared lamp) emits 
more photons per unit time. The energy of each photon is less, so it must emit photons at 
a greater rate. 

(b) Let R be the rate of photon production for the 700 nm lamp. Then, 

XP (700nm)(400J/s) 

R = — = y — L '- = 1.41 x IO 21 photon / s. 

hc (1.60x10 19 J/eV)(l240eV-nm) 


8. (a) The rate at which solar energy strikes the panei is 

P = (1.39 kW/ m 2 )(2.60 m 2 ) = 3.61 kW. 


(b) The rate at which solar photons are absorbed by the panei is 
P 3.61xl0 3 W 

A = 


E ph (6.63 x IO" 34 J-s) (2.998 x IO 8 m/s)/ (550 x IO" 9 m) 
= 1.00xl0 22 photons/s. 


(c) The time in question is given by 


N, 6.02 x IO 23 

t = —^ = = — = 60.2s. 

R 1.00 x IO 22 /s 


9. The total energy emitted by the bulb is E = 0.93Pt, where P = 60 W and 

t = 730 h = (730 h)(3600 s/h) = 2.628 x IO 6 s. 

The energy of each photon emitted is E ph = hclX. Therefore, the number of photons 
emitted is 

N = E = 0.93P; = (0.93)(60W)(2.628 x IO 6 s) = ^ ^ 

E ph hc/X (6.63xlO" 34 J-s)(2.998xl0 8 m/s)/(630xlO" 9 m) 


10. Following Sample Problem 38-1, we have 


11. (a) We assume ali the power results in photon production at the wavelength 
A = 589 nm. Let R be the rate of photon production and E be the energy of a single 
photon. Then, 

P = RE = Rhc/X, 

where E = hfandf= c/X are used. Here h is the Planck constant,/is the frequency of the 
emitted light, and X is its wavelength. Thus, 

XP (589 x 1CT 9 mYlOOW) 

R = — = -, ' í r = 2.96 x IO 20 photon / s. 

hc (6.63xl0" 34 J-s)(3.00xl0 8 m/s) 

(b) Let / be the photon flux a distance r from the source. Since photons are emitted 
uniformly in ali directions, R = 4nr I and 


r = 


R 2.96xl0' u photon/s A ar 1/l7 

I = 7 -^=4.86xl0 7 m. 

Ani ^4^-(l.00xl0 4 photon/m 2 -s) 


(c) The photon flux is 


12. The average power output of the source is 


p emt = ^ = Z^I = 3.6nJ/s=3.6xlCr 9 J/s = 2.25xl0 10 eV/s 
Aí 2s 


Since the energy of each photon emitted is 


fc = 1240eV-nm 
ph Á 600 nm 


the rate at which photons are emitted by the source is 


P 2 25 x 1 0 10 eV/s 
R emk =^l= Z -^ X1U eV/s = i,09xl0 10 photons/s. 
emit E ph 2.07 eV F 


Given that the source is isotropic, and the detector (located 12.0 m away) has an 
\ 


absorbing area of A abs = 2.00x10 6 m 2 and absorbs 50% of the incident light, the rate of 


photon absorption is 

A.*. „ 2.00 x IO 6 m 2 


^,=(0.50)-^-/^ =(0-50) - — (l.09xl0 10 photons/ S ) = 6.0photons/s. 
Anr 4;r(12.0 m) v ' 


13. The rate at which photons are absorbed by the detector is related to the rate of photon 
emission by the light source via 


* abs =(0.80)-^tf emit . 
Anr 


Given that A abs = 2.00xl(T 6 m 2 and r = 3.00 m, withi? abs = 4.000 photons/s, we find the 
rate at which photon is emitted to be 

Arrr 2 Att(^ 00 m) 2 

R = R = !_J L — -(4.000 photons/s) = 2.83x 10 8 photons/s . 

emit (0.80)A abs abs (0.80)(2.00xl0 6 m 2 ) v ! 

Since the energy of each emitted photon is 

fc = 1240eV-nm 
ph Â 500 nm 

the power output of source is 

P emit =R eimt E ph =(2.83xl0 8 photons/s)(2.48eV) = 7.0xl0 8 eV/s = l.lxlO" 10 W. 


14. The rate at which photons are emitted from the árgon laser source is given by R = 
P/Eph, where P = 1.5 W is the power of the laser beam and E p h = hclX is the energy of 
each photon of wavelength X. Since a = 84% of the energy of the laser beam falis within 
the central disk, the rate of photon absorption of the central disk is 

*•=<*=-*=, 5 g (ft84)(lj i w) ; , 

hc I X (6.63 x IO" 34 J • s)(2.998 x IO 8 ml s) / (5 15 x 1(T 9 m) 
= 3.3 x IO 18 photons /s. 


15. The speed v of the electron satisfies 


= > e v 2 = |(m e c 2 )(v / cf = E photon - O. 


Using Table 37-3, we find 


v = c 


2 fe^=°l . (2.998 x 10« m/s) )^0eV-4i0eV) _ ^ y ^ m / ^ 


511xlO'eV 


16. The energy of the most energetic photon in the visible light range (with wavelength of 
about 400 nm) is about E = (1240 eV-nm/400 nm) = 3.1 eV (using the vlue hc = 1240 
eV-nm). Consequently, barium and lithium can be used, since their work functions are 
both lower than 3.1 eV. 


17. The energy of an incident photon is E = hf= hc/X, where h is the Planck constant,/is 
the frequency of the electromagnetic radiation, and X is its wavelength. The kinetic 
energy of the most energetic electron emitted is 


K m = E-0 = (hc/X)-0, 


where O is the work function for sodium. The stopping potential Vo is related to the 
maximum kinetic energy by eVo = K m , so 

eV 0 = QiclX) - O 

and 

hc 1240eV-nm 

X = = = 170nm. 

eV 0 +O 5.0eV + 2.2eV 


Here eVo = 5.0 eV and hc = 1240 eV-nm are used. 


18. We use Eq. 38-5 to find the maximum kinetic energy of the ejected electrons: 
K rwí = hf-<S = (4.14 x 1CT 15 eV • s)(3.0 x IO 15 Hz) - 2.3eV = lOeV. 


19. (a) We use the photoelectric effect equation (Eq. 38-5) in the form hclX = O + K m . 
The work function depends only on the material and the condition of the surface, and not 
on the wavelength of the incident light. Let X\ be the first wavelength described and X 2 be 
the second. Let K m \ = 0.710 eV be the maximum kinetic energy of electrons ejected by 
light with the first wavelength, and K m2 = 1.43 eV be the maximum kinetic energy of 
electrons ejected by light with the second wavelength. Then, 


hc . hc , 


The first equation yields O = (hc/Xi) - K m \. When this is used to substitute for O 
second equation, the result is 

(hc/X 2 ) = (hc/Xi) - K m \ + K m2 . 

The solution for X 2 is 


X 2 = 


hcX, (1240V-nm)(491nm) 


hc + X^K^-K^) 1 240 eV • nm + (49 1 nm)( 1 .43 e V - 0.7 1 0 eV) 
= 382nm. 


Here hc = 1240 eV-nm has been used. 


(b) The first equation displayed above yields 


hc „ 1240eV-nm 


O = K ml = 0.7 10 eV = 1.82 eV. 


X, mi 491 nm 


20. We use Eq. 38-6 and the value hc = 1240 eV-nm: 

_ (b _hc_hc _ 1240eV-nm_ 1240eV-nm _ 

raut ~ photon ~ ~Y~I~^~ 254nm 325nm " ' C ' 


21. (a) The kinetic energy K m of the fastest electron emitted is given by 

K m = hf-0 = QiclX) - O, 

where O is the work function of aluminum, / is the frequency of the incident radiation, 
and X is its wavelength. The relationship / = c/X was used to obtain the second forni. 
Thus, 

1240eV-nm _ 42QeV = 2 
200 nm 

where we have used hc = 1240 eV-nm. 

(b) The slowest electron just breaks free of the surface and so has zero kinetic energy. 

(c) The stopping potential V 0 is given by K m = eV 0 , so 

V Q = KJe = (2.00 eV)/e = 2.00 V. 

(d) The value of the cutoff wavelength is such that K m = 0. Thus, hc/X = O, or 

X = hc/O = (1240 eV-nm)/(4.2 eV) = 295 nm. 

If the wavelength is longer, the photon energy is less and a photon does not have 
sufficient energy to knock even the most energetic electron out of the aluminum sample. 


22. To find the longest possible wavelength ^ max (corresponding to the lowest possible 
energy) of a photon which can produce a photoelectric effect in platinum, we set K mía = 0 
in Eq. 38-5 and use hf= hclX. Thus hclX max = O. We solve for A, max : 

, hc 1240eV-nm 

/l max = — = = 233nm 

^ O 5.32 nm 


23. (a) Weuse Eq. 38-6: 

hf-O hc/X-O (l240eV-nm/400nm)-1.8eV 

V =— = = - = 13V 

Y stop A ~' v • 

e e e 

(b) The speed v of the electron satisfies 

^max = \ m eV 2 = {(m/)^ I cf = E ptaon - O. 


Using Table 37-3, we find 


2(£ photon -©)_ j2eV stov _ Í2^ 


v = t — - = . -=c 


= ( 2.998xl0 8 m/s) J i — ^~ 

V ^511xl0 3 eV 


= 6.8xl0 3 m/s 


m„ V m„ Al w„c 2 v / \|511xlO J eV 

5 , 


24. Using the value hc = 1240 eV-nm, the number of photons emitted from the laser per 
unit time is 


D P 2.00x10 3 W I5 

R = = 77 = 6.05 x 10 / s, 

E ph (1240eV-nm/600nm)(1.60xl0 19 J/eV) 

of which (1.0 x 10~ 16 )(6.05 x 10 15 /s) = 0.605/s actually cause photoelectric emissions. 
Thus the current is 

i = (0.605/s)(1.60 x IO" 19 C) = 9.68 x IO" 20 A. 


25. (a) From r = m e v/eB, the speed of the electron is v = rBelm e . Thus, 


1 


1 


= 3.1 keV. 


\ m e J 


(rBfe 1 _ (1.88X1CT 4 T-m) 2 (1.60xl(T 19 C) 2 
2m e ~ 2(9.1 lx 1(T 31 kgXLÓOxlO -19 J/eV) 


(b) Using the value hc = 1240 eV-nm, the work done is 

1240 eV-nm 


W = E 


- K m = 


photon max — + + ,-.-3 

71x10 nm 


-3.10keV = 14 keV. 


26. (a) For the first and second case (labeled 1 and 2) we have 


eVoi = hc/Xi - O , eV 02 = hc/X 2 - O, 


from which h and O can be determined. Thus, 


h _ g(V;-V 2 ) 1.85eV-0.820eV 


cfc 1 -X- 1 ) (3.00xl0 17 nm/s)r(300nm) _1 -(400nm) 


= 4.12x10 15 eV-s 


(b) The work function is 


_ 3(V 2 X 2 -V^) _ (0.820 eV)(400 nm) -(1.85 eV)(300 nm) 


A,j — X 2 


300 nm-400 nm 


= 2.27 eV. 


(c) Let O = hc/X max to obtain 


hc 1240eV-nm .„ 

X m „ = — = = 545 nm. 

mi O 2.27 eV 


27. (a) The x-ray frequency is 


ç = 2JM,.ltfm/. 
X 35.0 x IO" 12 m 


(b) The x-ray photon energy is 

E = hf = (4.14 x 10" 15 eV • s)(8.57 x 10 18 Hz) = 3.55 x IO 4 eV. 

(c) From Eq. 38-7, 

p = -= 6 - 63xlQ " 3 l J ' S =l-89xl0- 23 kg-m/s = 35.4keV/c. 
X 35.0xl(T 12 m 


2 

28. (a) The rest energy of an electron is given by E = m e c . Thus the momentum of the 
photon in question is given by 


E mc 2 


p = — = = m e c = (9. 1 lx 1CT 1 kg)(2.998 x 10 m/s) = 2.73 x 10 ~ Li kg • m/s 

c c 

= 0.511 MeV/c. 
(b) From Eq. 38-7, 


h 6.63xl0~ 34 J-s 


X = — = : = = 2.43 x 10 ^ m = 2.43 pm. 

p 2.73 x IO" 22 kg-m/s 


(c) UsingEq. 38-1, 

. c 2.998 x 10 8 m/s 


29. (a) When a photon scatters from an electron initially at rest, the change in wavelength 
is given by 

AÀ, = (hlmc)(l - cos <fi), 

—12 

where m is the mass of an electron and 0 is the scattering angle. Now, hlmc = 2.43 x 10 
m = 2.43 pm, so 

AÀ, = (h/mc)(l - cos 0 = (2.43 pm)(l - cos 30°) = 0.326 pm. 

The final wavelength is 

X' = X + AX = 2.4 pm + 0.326 pm = 2.73 pm. 

(b) Now, AX = (2.43 pm)(l - cos 120°) = 3.645 pm and 

X'= 2.4 pm + 3.645 pm = 6.05 pm. 


30. (a) Eq. 38-11 yields 


AX = — (1-cos^) = (2.43 pm)(l-cosl80°) = +4.86 pm. 
mc 


(b) Using the value hc = 1240 eV-nm, the change in photon energy is 

1 1 > 


AE = hÇ__fc =(l24Q eV . nm) 
X X 


0.01 nm + 4.86 pm 0.01 nm 


= -40.6 keV. 


(c) From conservation of energy, AK = - AE = 40.6 keV. 


(d) The electron will move straight ahead after the collision, since it has acquired some of 
the forward linear momentum from the photon. Thus, the angle between +x and the 
direction of the electron' s motion is zero. 


31. (a) The fractional change is 

AE _ A(hc/X) 
E hclX 
1 


XA 


X 


X 


1 _ 1 

r x 


x_ 


X + AX 


1 


X/AX + l (X/X c )(l-cos0y l +1 


If X = 3.0 cm = 3.0 x IO 10 pm and <j)= 90°, the result is 


AE 


1 


= -8.1xlO" n =-8.1xlO^ % 


E (3.0xl0 10 pm/2.43pm)(l-cos90°) 1 +1 
(b) Now X = 500 nm = 5.00 x IO 5 pm and $ = 90°, so 


-9 


AE 


1 


(5 .00 x 10 pm/2.43pm)( 1 - cos 90T + 1 


- = -4.9x10-"= -4.9 x IO" 4 % 


(c) With X = 25 pm and <fi = 90°, we find 


AE 


1 


(25pm/2.43pm)(l-cos90 o r +1 


- = -8.9x10 =-8.9 %. 


(d) In this case, 


X = /z C /£ = 1240 nm-eV/1.0 MeV = 1.24 x 10 nm = 1.24 pm, 


so 


AE 


E (1.24pm/2.43pm)(l-cos90°)" 1 +l 


= -0.66 = -66 %. 


(e) From the calculation above, we see that the shorter the wavelength the greater the 
fractional energy change for the photon as a result of the Compton scattering. Since AEIE 
is virtually zero for microwave and visible light, the Compton effect is significant only in 
the x-ray to gamma ray range of the electromagnetic spectrum. 


32. (a) Using the value hc = 1240 eV-nm, we find 


hc 1240nm-eV „ ,„ , , „ 

X = — = = 243 x 10 nm = 243 pm. 

E 0.511 MeV 


(b) Now, Eq. 38-11 leads to 


X' = X + AX = X + — (1 - cos </)) = 2.43 pm + (2.43pm)( 1 - cos90.0°) 

m e c 

= 4.86pm. 


(c) The scattered photons have energy equal to 

r ^ \ í 


E' = E 


X_ 
X' 


= (0.511 MeV) 


2.43 pm 
4.86 pm y 


= 0.255 MeV. 


33. (a) Since the mass of an electron is m = 9.109 x 10 kg, its Compton wavelength is 


h 6.626 x IO 34 J • s 


X c = — = ^ z = 2.426 x I0 íl m = 2.43 pm. 

c mc (9.109x10 kg)(2.998xl0 m/s) 

—27 

(b) Since the mass of a proton is m = 1.673 x 10 kg, its Compton wavelength is 

X c = 6.626 xlO^J-s „ = 1-321 x 10- m = 1.32 fm 

c (1.673 x IO" 27 kg)(2.998 xlO m/ s) 

(c) We note that hc = 1240 eV-nm, which gives E = (1240 eV-nm)A,, where E is the 
energy and X is the wavelength. Thus for the electron, 

E= (1240 eV-nm)/(2.426 x 10 3 nm) = 5.11 x 10 5 eV = 0.511 MeV. 

(d) For the proton, 

E = (1240 eV-nm)/(1.321 x 10~ 6 nm) = 9.39 x 10 8 eV = 939 MeV. 


34. Referring to Sample Problem 38-4, we see that the fractional change in photon energy 
is 

E-E n _ AX (h/ mc)(l-cos<f>) 

E ~ X + AX~ (hc/E) + (h/mc)(l-cos<p) ' 

Energy conservation demands that E - E' = K, the kinetic energy of the electron. In the 
maximal case, </> = 180°, and we find 

K_ (Ã/mc)(l-cosl80°) _ Ihlmc 

E~ (kc/ £) + (/í/mc)(l-cosl80°)~ (kc/ E) + (2h/mc) ' 

Multiplying both sides by E and simplifying the fraction on the right-hand side leads to 


35. (a)From Eq. 38-11 


AA, = — (1-cos^) = (2.43pm)(l-cos90°) = 2.43 pm 
mc 


(b) The fractional shift should be interpreted as AX divided by the original wavelength: 

AX 2.425 pm 


X 590 nm 


= 4.11x10 


-6 


(c) The change in energy for a photon with X = 590 nm is given by 


A£ ph =A 


v X j 


hcAX 


(4. 14 x IO" 15 eV • s)(2.998 x 10 8 m/s)(2.43pm) 


(590 nm) 2 


= -8.67xlO~ 6 eV 


(d) For an x-ray photon of energy E ph = 50 keV, AX remains the same (2.43 pm), since it 
is independent of Eph. 

(e) The fractional change in wavelength is now 


AX_ AX _ (50xlQ 3 eV)(2.43pm) 
X ~ hc/E ph ~(4.14xl0 15 eV-s)(2.998xl0 8 m/s) 

(f) The change in photon energy is now 

f 1 \\ (hc\ AX _ 


= 9.78x10" 


AE ph =hc 


X + AX X 


X JX + AX 


' a ' 


where a = AXIX. With E ph = 50 keV and a = 9.78 x 10~ 2 , we obtain AE ph = -4.45 keV. 
(Note that in this case a ~ 0. 1 is not close enough to zero so the approximation AEph ~ 
hcAX/X 2 is not as accurate as in the first case, in which a = 4. 12 x 10 6 . In fact if one were 
to use this approximation here, one would get AE p h « -4.89 keV, which does not amount 
to a satisfactory approximation.) 


36. The initial wavelength of the photon is (using hc = 1240 eV-nm) 


. hc 1240eV-nm ______ 

X = — = = 0.07086 nm 

E 17500eV 


or 70.86 pm. The maximum Compton shift occurs for <j> = 180°, in which case Eq. 38-11 
(applied to an electron) yields 


AX = 


( hc ^ 


(l-cosl80°) = 


/ 1240eV-nm A 


511xl0 3 eV 


(1 -(-!)) = 0.00485 nm 


where Table 37-3 is used. Therefore, the new photon wavelength is 
X' = 0.07086 nm + 0.00485 nm = 0.0757 nm. 

Consequently, the new photon energy is 


_ hc 1240eV-nm 4 w 

E = — = = 1.64 x 10 eV = 16.4 keV 

X' 0.0757 nm 


By energy conservation, then, the kinetic energy of the electron must equal 

E'-E = 17.5 keV - 16.4 keV = 1.1 keV. 


37. If E is the original energy of the photon and E' is the energy after scattering, then the 
fractional energy loss is 

AE_ E-E' _ AX 
E E X + AX 

using the result from Sample Problem 38-4. Thus 

Al = AE,E = ^ = 3 = 300 % 
X 1-AE/E 1-0.75 

A 300% increase in the wavelength leads to a 75% decrease in the energy of the photon. 


38. The initial energy of the photon is (using hc = 1240 eV-nm) 

^ hc 1240eV-nm „ ,„ , ^ xr 

E = — = = 4.13x10 eV. 

Ã 0.00300 nm 

Using Eq. 38-1 1 (applied to an electron), the Compton shift is given by 

ai h (t a\ h (-x nnno\ hc 1240eV-nm 

Aà = (1-cosfi) ) = (l-cos90.0 = - = 5 = 2.43 pm 

m e c K ! m e c y ! m e c 2 511xl0 3 eV 

Therefore, the new photon wavelength is 

X' = 3.00 pm + 2.43 pm = 5.43 pm. 
Consequently, the new photon energy is 

£ , = jc = 1240eV-nm = 228xlQ5eV 
X' 0.00543 nm 

By energy conservation, then, the kinetic energy of the electron must be equal to 
K = AE = E-E' = 4. 13 x 10 5 - 2.28 x 10 5 eV = 1 .85 x IO 5 eV * 3.0x IO" 14 J . 


39. (a)From Eq. 38-11, 

AX = — (l-cos0). 
mc 


In this case (j) = 180° (so cos <f> = -1), and the change in wavelength for the photon is 
given by AX = 2hlm e c. The energy E' of the scattered photon (with initial energy E = hclX) 
is then 

hc E E E 


E' = 


X + AX l + AX/X l + (2h/m e c)(E/hc) l + 2E/m e c 

50.0 keV „ 
= 41.8keV . 


l + 2(50.0keV)/0.511MeV 


(b) From conservation of energy the kinetic energy K of the electron is given by 
K = E-E' = 50.0 keV - 41.8 keV = 8.2 keV. 


40. The (1 - cos <fi) factor in Eq. 38-11 is largest when <f> = 180°. Thus, using Table 37-3, 
we obtain 

ai hc 10 _ 0 . 1240MeV-fm ... 

A ^ ma x = ^(1- cos 180°) = (l-(-l)) = 2.64 fm 

m " x m/ 938MeV 


where we have used the value hc = 1240 eV-nm =1240 MeV-fm. 


41. The magnitude of the fractional energy change for the photon is given by 


AE 


P h 


E, 


P h 


A(hc/X) 
hc/X 


( 1 A 


XA 


\Xj 


= x 


1 


1 


X X + AX 


) 


AX 
X + AX 


P 


where (3= 0.10. Thus AX = Xf3l{\ - fí). We substitute this expression for AX in Eq. 38-11 
and solve for cos <fi: 


, mc mcXp 

cosfi) = l Aà = 1 — 

h HÍ-J3) 


= 1 


J3(mc 2 ) 


P h 


= 1- 


(O10)(511 keV) 
(l-0.10)(200keV) 


= 0.716 


This leads to an angle of (j) = 44°. 


42. (a) Using Table 37-3 and the value hc = 1240 eV-nm, we obtain 


. h h hc 1240eV-nm 

À = — = j = , = , =0.0388nm. 

P pm e K ^2m e c 2 K V 2 ( 511000eV )( 1000eV ) 

(b) A photon's de Broglie wavelength is equal to its familiar wave-relationship value. 
Using the value hc = 1240 eV-nm, 

. hc 1240eV-nm inA 

X = — = = 1.24 nm . 

E 1.00 keV 

(c) The neutron mass may be found in Appendix B. Using the conversion from electron- 
volts to Joules, we obtain 

. h 6.63xKT 34 J-s 13 

A= j == j ^= = 9.06x10 m. 

pm n K ^2(1.675xl0" 27 kg)(1.6xl0" 16 J) 


43. The de Broglie wavelength of the electron is 

/z h h 

p pm e K pm e eV ' 

where V is the accelerating potential and e is the fundamental charge. This gives 

Ã 6.626xl(T 34 J-s 

V^êv ^/2(9.109xl0" 31 kg)(1.602xl0" 19 C)(25.0xl0 3 V) 
= 7.75xl<r 12 m = 7.75pm. 


44. Using Eq. 37-8, we find the Lorentz factor to be 

1 1 

r = 


= 7.0888. 


With p = ymv (Eq. 37-41), the de Broglie wavelength of the protons is 


6.63 x IO" 34 J s 


p ymv (7.0888)(1.67 x IO" 27 kg)(0.99x 3.00xl0 s m/s) 


= 1.89x10 m. 


The vertical distance between the second interference minimum and the center point is 


y 2 


V 2y 


ÃL _ 3 ÂL 
d 2 d 


where L is the perpendicular distance between the slits and the screen. Therefore, the 
angle between the center of the pattern and the second minimum is given by 

^ y? 32 

tan 0 = H = — . 
L 2d 

Since Â «: d , tan 6 « # , and we obtain 


g . M = 30-89x10- m) = 07xl0 „ rad _ Qxl0 
2d 2(4.00x10 m) 


45. (a) The momentum of the photon is given by p = E/c, where E is its energy. Its 
wavelength is 

, h hc 1240eV-nm tnAn 

X = — = — = = I240nm. 

p E l.OOeV 

(b) The momentum of the electron is given by p = -JlmK, where K is its kinetic energy 
and m is its mass. Its wavelength is 


If K is given in electron volts, then 


X = - 


6.626 xlO~ 34 J-s l.226xlO~ 9 m-eV l/2 l.226nm-eV l/2 


^2(9. 109x IO" 31 kg)(l .602x IO 19 J/eV)^ 4k 4k 

For K = 1.00 eV , we have 


, 1.226nm-eV 1/2 , „„ 
K = . — = 1 .23 nm. 

■y/l.OOeV 


(c) For the photon, 


hc 1240eV-nm , nA 

X = — = = 1.24x10 6 nm = 1.24 fm. 

E 1.00xl0 9 eV 

(d) Relativity theory must be used to calculate the wavelength for the electron. According 
to Eq. 38-51, the momentum p and kinetic energy K are related by 


ipcf = K 2 + 2Kmc 2 . 


Thus, 


pc = ^K 2 +2Kmc 2 =^(L00xl0 9 eV) 2 + 2(l.00xl0 9 eV)(0.511xl0 6 eV) 
=1.00xl0 9 eV. 


The wavelength is 


, h hc 1240eV-nm . _ . 6 . _ . _ 

X = — = — = - n = 1.24x10 nm = 1.24 fm. 

p pc 1.00xl0 9 eV 


46. (a) The momentum of the electron is 


h 6.63xl(T 34 J-s 


p = -= " " = 3.3xl0" 24 kg-m/s. 

X 0.20 x IO" 9 m 

(b) The momentum of the photon is the same as that of the electron: 
p=3.3xl0" 24 kg-m/s. 

(c) The kinetic energy of the electron is 

(3.3xl0- 24 kg-m/s) 2 

K e =J— = ^- - 9 -^ = 6.0xl0~ 18 J=38eV. 

2m e 2(9.11xl0" 31 kg) 

(d) The kinetic energy of the photon is 

K ph = pc = (3.3 x IO" 24 kg • m/ s)(2.998 x 10 8 ml s) = 9.9 x IO" 16 J = 6.2 keV. 


47. (a) The kinetic energy acquired is K = qV, where q is the charge on an ion and V is 
the accelerating potential. Thus 

K=(l.60x 1CT 19 C)(300 V) = 4.80 x 1CT 17 J. 

The mass of a single sodium atom is, from Appendix F, 

m = (22.9898 g/mol)/(6.02 x IO 23 atom/mol) = 3.819 x 1(T 23 g = 3.819 x 1(T 26 kg. 

Thus, the momentum of an ion is 

p = 4lmK = ^2(3.819 x 1(T 26 kg)(4.80 x 1CT 17 j) = 1.91 x IO -21 kg • ml s. 

(b) The de Broglie wavelength is 

, h 6.63xlCT 34 J-s 1A _ 13 

X = — = = 3.46x10 m. 

p 1.91xl0- 21 kg-m/s 


48. (a) Since K = 1.5MeV<^ m a c 2 = 4(932 MeV), we may use the non-relativistic 
formula p = ^2m a K. Using Eq. 38-43 (and noting that 1240 eV-nm = 1240 MeV-fm), 
we obtain 

, h hc 1240MeV-fm 

A = — = , = , = = 5.2 fm. 

P ^2m a c 2 K - N /2(4u)(931.5MeV/u)(7.5MeV) 


(b) Since Ã = 5.2fm<c 30 fm, to a fairly good approximation, the wave nature of the a 
particle does not need to be taken into consideration. 


49. If K is given in electron volts, then 

x _h__ h 6.626 xl(T 34 J-s 


1.226xl(T 9 m- 


P J2mK ^2(9. 109 x 1(T 31 kg)(l .602x 10 ~ 19 J/eV)^ 


41 


1.226nm-eV 


1/2 


where is the kinetic energy. Thus, 


K = 


1.226 nm-eV 

J 


1/2 A 


1.226 nm-eV 
590 nm 


1/2 \ 


= 4.32 x 10 eV. 


50. (a) We need to use the relativistic formula 

p = ^j(E/c) 2 -m 2 e c 2 - Ele ~Klc 

(since £» m e c 2 ). So 


, h hc 1240eV-nm „ _ ,„_ 8 

X = — « — = 5 = 2.5x10 8 nm = 0.025 fm. 

p ^ 50xl0 9 eV 


(b)With i? = 5.0fm,weobtain 7?/A = 2.0xl0 2 


51. The wavelength associated with the unknown particle is 

- h h 
P P m P V P 

where p p is its momentum, m p is its mass, and v p is its speed. The classical relationship p p 
= m p v p was used. Similarly, the wavelength associated with the electron is X e = h/(m e v e ), 
where m e is its mass and v e is its speed. The ratio of the wavelengths is 


so 


v X 


m p = ' • n 


X p /X e = (m e v e )l(m p v p ), 
9.109 x 10 31 kg 


= 1.675 x IO" 27 kg 


v p X p 


3(l.813xl0" 4 ) 


According to Appendix B, this is the mass of a neutron. 


52. (a) We use the value /zc = 1 240 nm-eV : 


hc 1240nm-eV T7 

E,. nn = — = = 1.24 keV . 

photon X 1.00 nm 


(b) For the electron, we have 

p 2 _(h/X) 2 _(hc/X) 2 


K = 


2m e 2m e 2m e c 2 2(0.5 HMeV) 


1240eV-nm 
1.00 nm 


= 1.50 eV. 


(c) In this case, we find 


^photon 


1240nm-eV 
1.00x10 6 nm 


= 1.24xlO y eV = 1.24GeV. 


(d) For the electron (recognizing that 1240 eV-nm = 1240 MeV-fm) 
K 


= ^ p 2 c 2 +(m e c 2 ) - m e c 2 = iJ(hc/X) 2 +(m e c 2 } - m e c 2 


/ 1240MeV-fm A2 


1.00 fm 

= 1.24 x 10 3 MeV = 1.24GeV 


+ (0.511MeV) 2 -0.511MeV 


We note that at short X (large K) the kinetic energy of the electron, calculated with the 
relativistic formula, is about the same as that of the photon. This is expected since now K 
« E»pc for the electron, which is the same as E = pc for the photon. 


53. (a) Setting X = hl p = hl J[E I c) -m e c , we solve for K = E - m e c 


2 4 2 

+mc —mc = 


1240eV-nm 

v 10xl0~ 3 nm y 


+ (0.51 IMeV) 2 -0.51 IMeV 


= 0.015MeV = 15keV. 


(b) Using the value /zc = 1240eV-nm 


E = — = 


hc 1240eV-nm , „ , ^, xr XT 
= 1.2xl0 5 eV = 120keV. 


À, 10x10 3 nm 


(c) The electron microscope is more suitable, as the required energy of the electrons is 
much less than that of the photons. 


54. The same resolution requires the same wavelength, and since the wavelength and 
particle momentum are related by p = h/X, we see that the same particle momentum is 
required. The momentum of a 100 keV photon is 

p = E/c = (100 x 10 3 eV)(1.60 x IO" 19 J/eV)/(3.00 x 10 8 m/s) = 5.33 x IO" 23 kg-m/s. 

This is also the magnitude of the momentum of the electron. The kinetic energy of the 
electron is 

„ 2 (5.33 x IO" 23 kg-m/sf 

K = ^- = ± — -. %- — ^- = 1.56xlO- 15 J. 

2m 2(9.1 lx 10" 31 kg) 

The accelerating potential is 

£ = U6«10^I tf 
e 1.60 x IO" 19 C 


55. (a) We solve v from X = h/p = h/(m p v): 


h 6.626x10 34 J s 5Q , iní . 

v = = t 77 — ^ = 3.96 x 10 m/s. 

m p À (l .6705 x IO" 27 kg) (0. 100 x IO" 12 m) 
(b) We set eV = K = \m p v 2 and solve for the voltage: 

m v 2 (l.6705xl0" 27 kg)(3.96xl0 6 m/s) 2 

V=^^ = ± -, ^ . ^ = 8.18xl0 4 V = 81.8kV. 

2e 2(l.60xl0 19 C) 


56. (a) Using Euler' s formula e'^= cos </)+ i sin <f>, we rewrite yAx) as 

yr ( x) = y/ 0 e ,kx = y/ Q (cos kx + i sin kx) = (y/ 0 cos kx) + i{y/ () sin foc) = a + ib, 

where a = y/ 0 cos fcc and b = y/ç, sin fcx; are both real quantities. 
(b) The time-dependent wave function is 

y/(x,t) = y/{x)e- imt = yj 0 e ikx e ia * = ys Q e i(kx - 0Jt> 

= [y/ Q cos(kx-cot)] + i[y/ Q sin(kx - cot)]. 


57. We plug Eq. 38-17 into Eq. 38-16, and note that 


^ = — (Ae ikx + Be- ikx ) = ikAe ,kx -ikBe 
dx dx 


ikx 


Also, 


d 2 y/ d /. 


dx dx 


(ikAe ikx -ikBe ikx ) = -k 2 Ae it( - k 2 Be 1 ' 


Thus, 


d 2 y/ 
dx 2 


+ k 2 y/ = -k 2 Ae ikx - k 2 Be ikx + k 2 (Ae ikx + Be ikx ) = 0. 


58. (a) The product nn can be rewritten as 

nn = (a + ib)(a + ib) = (a +ib){a + z"V) = [a + ib){a-ib) 
= a 2 + iba - iab + (ib)(-ib) = a 2 +b 2 , 

which is always real since both a and b are real. 
(b) Straightforward manipulation gives 

\nm\ = I (a + ib)(c + i d) I = I ac + iad + ibc + (-i) 2 bd I = I (ac-bd) + i(ad + bc) I 
= ^{ac- bd ) 2 + (ad + bcf =\ja 2 c 2 + b 2 d 2 + a 2 d 1 + b 2 c 2 . 

However, since 

I 1 1 I I II I /2 2/2 2 

\n\\m\ = \a + ib\\c + id\ = +b -yc +d 
= 4a 2 c 2 +b 2 d 2 +a 2 d 2 +b 2 c 2 , 

we conclude that Inml = Inl Iml. 


59. The angular wave number k is related to the wavelength X by k = 2n/X and the 
wavelength is related to the particle momentum p by X = h/p, so k = Inplh. Now, the 
kinetic energy K and the momentum are related by K = p I2m, where m is the mass of the 

particle. Thus p = 4lmK and 

In^llniK 


60. The wave function is now given by 


¥(jc,í) = ÍP 0 e ■ 

This function describes a plane matter wave traveling in the negative x direction. An 
example of the actual particles that fit this description is a free electron with linear 

momentum p = -(hk I 2tt)í and kinetic energy 

2 , 2; 2 

K _ P _ hk 

2m e &n 2 m e 


61. For U = Uq, Schrõdinger's equation becomes 


d yr &n 2 m 


dx h 


+ —^[E-U 0 ] ¥ = 0. 


We substitute yr = y/ Q e lkx . The second derivative is 


dx 2 


i 2 ikx i l 

= -k y/ 0 e = —k y/. 


The result is 


Solving for k, we obtain 


-k 2 ys + ^[E-U 0 ]y, = 0. 
h 


2jt 


62. (a) The wave function is now given by 

¥(jc,í) = y/ 0 [e i(kx - M) +e- i(kx+cot) ]=y/ Q e- itt "{e ikx + e- ikx ). 

Thus, 

I V(x,t) l 2 = |^ 0 <T toí (e ifoí +e^)| 2 = \yf 0 e- iíOt \ 2 \e ikx + e- ikx \ 2 = y/ 2 0 \e ikx +e- ikx f 

= y/l I (cosfcv; + hmkx) + (cos kx - i sin kx) I 2 = 4y/l (cos fcí) 2 
= 2^(1 + cos 2fcc). 

(b) Consider two plane matter waves, each with the same amplitude y/ 0 /^Í2 and 

traveling in opposite directions along the x axis. The combined wave ¥ is a standing 
wave: 


¥(x,í) = ys 0 e ,(kx - ÍOt> + ys 0 e- m> = y/ 0 (e lKX + e ,KX )e ia,t = (2y/ 0 cos kx)e 
Thus, the squared amplitude of the matter wave is 


\¥(x,t)f = (2y/ Q coskx) 2 \e- i0) '\ = 2^(1 + cos 2kx) 


which is shown below. 



1 i l r- /(X 


i |2 

(c) We set m*,?) = 2^ 2 1 (l + cos2fcx) = 0 to obtain cos(2foc) = -1. This gives 


Ikx = 2 


2k_ 


We solve for x: 


= (2n + l)ír, (n = 0,1, 2,3,...) 


x = ~(2n + l)A, 


(d) The most probable positions for finding the particle are where ^(^í^oc^l + coslfcx;) 
reaches its maximum. Thus cos 2kx = 1, or 


2kx = 2 


v y 


= 2nn, (n = 0,1, 2,3,...) 


We solve for x and find* = —nX 

2 


63. If the momentum is measured at the same time as the position, then 

ti 6.63xl(T 34 J-s ^ i/l24l . 
Ap* — = j- r = 2.1xl0- 24 kg -m/s. 
Ax 27t(50pmJ 


64. (a) Using the value /zc = 1 240 nm-eV , we have 


„ hc 1240nm-eV ^ T 

E = — = 5 = 124 keV 

X 10.0x10 3 nm 


(b) The kinetic energy gained by the electron is equal to the energy decrease of the 
photon: 


AE = A 


= hc 


V A J 


1 


1 


X X + AX 


v X j 


AX 


X + AX 


l+X/AX 


124keV 


1 + - 


5i c (l-cos^) 1 + (2.43pm)(l-cosl80°) 
= 40.5keV. 


lO.Opm 


(c) It is impossible to "view" an atomic electron with such a high-energy photon, because 
with the energy imparted to the electron the photon would have knocked the electron out 
of its orbit. 


65. We use the uncertainty relationship AxAp > fi . Letting Ax = X, the de Broglie 
wavelength, we solve for the minimum uncertainty in p: 

^ _ h _ h _ p 
Ax 2%k 2n 

where the de Broglie relationship p = h/X is used. We use l/2n = 0.080 to obtain Ap = 
0.080p. We would expect the measured value of the momentum to lie between 0.92p and 
1.08p. Measured values of zero, 0.5p, and 2p would ali be surprising. 


66. (a) The rate at which incident protons arrive at the barrier is 

n = 1.0kA/l.60xl(r 19 C = 6.25xl0 21 /s 
Letting nTt = 1, we find the waiting time t: 


t = (nr) ' = — exp 
n 


2U 


Sn 2 m p (U h -E) 


v 6.25xl07s y 
ih 


v 

f 

exp 


27t(0.70nm) /— — r 

— i '- J8(938MeV) (6.0eV - 5.0eV) 

1240eV-nm v v A 


= 3.37xl0 lu s*10 104 y 


which is much longer than the age of the universe. 

(b) Replacing the mass of the proton with that of the electron, we obtain the 
corresponding waiting time for an electron: 


t = (nT) 1 =— exp 


v 6.25xl0 21 /s y 

-19 . 


2U 


exp 


Sn 2 m e {U b -E) 


27t(0.70nm) /— —, r 

— ^ ^J8(0.511MeV)(6.0eV-5.0eV) 

1240eV-nm v v A 


= 2.1xl0" lv s 


The enormous difference between the two waiting times is the result of the difference 
between the mas ses of the two kinds of particles. 


67. (a) If m is the mass of the particle and E is its energy, then the transmission 
coefficient for a barrier of height Ub and width L is given by 


T = e~ 2bL , 

where 


b _ ^n 2 m(U h -Ê) 


If the change AUb in Ub is small (as it is), the change in the transmission coefficient is 
given by 


AT = —AU h =-2LT—AU h . 
dU b " dU b h 


Now, 


db 1 8;r 2 m _ 1 Sn 2 m(U b -E) 


dU b l^^Ê^i h 2 2{U b -E)H h 2 2(U b -E) 


Thus, 


AT = -LTb AUb 
U b -E 


For the data of Sample Problem 38-7, 2bL = 10.0, so bL = 5.0 and 


, x (0.010)(6.8eV) 
= -(5.0P ^ '- = -0.20 


U b -E v ' 6.8eV-5.1eV 


There is a 20% decrease in the transmission coefficient. 


(b) The change in the transmission coefficient is given by 

AT 

AT = —AL = —2be 2bL AL = -2bTAL 
dh 

and 

= -2b AL = -2(6.67 x IO 9 nT 1 ) (0.010) (750x 10~ 12 m) = -0. 10 


There is a 10% decrease in the transmission coefficient. 


(c) The change in the transmission coefficient is given by 

AT = ^ AE = -21*** * AE = -2LT — AE. 
dE dE dE 

Now, db/dE = -db/dU b = -b/2(U h -E),so 

^ = M ^ = (5 .0)Í^M = 0.15 
T U u -E v ' 6.8eV-5.1eV 


There is a 15% increase in the transmission coefficient. 


68. With 


T«e 2fcL =exp 


-2U 


8n 2 m(U b -E) 


we have 


E = U h - 


1 ( hkiT^ 2 


2m 
=5.1eV. 


v 4kL j 


= 6.0eV- 


2(0.51 IMeV) 


(l240eV-nm)(ln0.00l)~ 
4;r(0.70nm) 


69. (a) The transmission coefficient T for a particle of mass m and energy E that is 
incident on a barrier of height Ut and width L is given by 


T = e- 2hL , 


where 


6 = < 


/7 2 


For the proton, we have 


b = 


87r 2 (l.6726xlO" 27 kg)(lOMeV-3.0MeV)(l.6022xlO" 13 J/MeV) 


(6.6261xl0~ 34 J-s) 
= 5.8082xl0 14 nT 1 . 

This gives bL = (5.8082x IO 14 m _1 )(lOx IO -15 m) = 5.8082, and 

r = e" 2(5 - 8082) =9.02xl0" 6 . 

The value of b was computed to a greater number of significant digits than usual because 
an exponential is quite sensitive to the value of the exponent. 

(b) Mechanical energy is conserved. Before the proton reaches the barrier, it has a kinetic 
energy of 3.0 MeV and a potential energy of zero. After passing through the barrier, the 
proton again has a potential energy of zero, thus a kinetic energy of 3.0 MeV. 

(c) Energy is also conserved for the reflection process. After reflection, the proton has a 
potential energy of zero, and thus a kinetic energy of 3.0 MeV. 

(d) The mass of a deuteron is 2.0141 u = 3.3454 x IO 27 kg, so 


b = 


87r 2 (3.3454xl0- 27 kg)(l0MeV-3.0MeV)(l.6022xl0- 13 J/MeV) 


(6.6261xl0~ 34 J-s) 
= 8.2143xl0 14 nr\ 

This gives ^L = (8.2143xl0 14 m^)(l0xl0 15 m) = 8.2143, and 

r = e -2(8.2143) =7 3 3xl0 -8_ 


(e) As in the case of a proton, mechanical energy is conserved. Before the deuteron 
reaches the barrier, it has a kinetic energy of 3.0 MeV and a potential energy of zero. 


After passing through the barrier, the deuteron again has a potential energy of zero, thus a 
kinetic energy of 3.0 MeV. 

(f) Energy is also conserved for the reflection process. After reflection, the deuteron has a 
potential energy of zero, and thus a kinetic energy of 3.0 MeV. 


70. (a) We calculate frequencies from the wavelengths (expressed in SI units) using Eq. 
38-1. Our plot of the points and the line which gives the least squares fit to the data is 
shown below. The vertical axis is in volts and the horizontal axis, when multiplied by 
IO 14 , gives the frequencies in Hertz. 

From our least squares fit procedure, we determine the slope to be 4.14 x 10 15 V-s, 
which, upon multiplying by e, gives 4.14 x 10 15 eV-s. The result is in very good 
agreement with the value given in Eq. 38-3. 


V 



(b) Our least squares fit procedure can also determine the v-intercept for that line. The y- 
intercept is the negative of the photoelectric work function. In this way, we find O = 
2.31 eV. 


71. We rewrite Eq. 38-9 as 


h h 


-COS0 = 


mX mX' ^l-(v/c) : 


and Eq. 38-10 as 


h ■ A 

-sm<p = 


mX 


tJI-(v/c) : 


We square both equations and add up the two sides 

>1 1 


h 

ymj 


X X 


-COS0 


+ 


J 


1 • A 

-sin^ 


X 


l-(v/cf 


2 2 

where we use sin 6+ cos 6= 1 to eliminate 0. Now the right-hand side can be written as 


so 


1 


l-(v/c) 

' h ' ' 


= -c 


1— 


1 


l-(v/c) / 


l-(v/c) z 


Vmc ) 


í 1 1 m 

-cos0 

yX X' J 


+ 


1 • À 

— sinfi) 


+ 1 


Now we rewrite Eq. 38-8 as 


mc 


1 _ 1 

x r 


+ i 


Vl"(v/c) 2 


If we square this, then it can be directly compared with the previous equation we obtained 


for [1 - (v/c) 2 ]" 1 - This yields 

h (\ r 


mc\X X' 


+ 1 


f h Y 


\mc , 


1 _ 1 

XX 


-COS0 


+ 


1 • A 
— SU10 

X' V 


+ 1. 


We have so far eliminated 0 and v. Working out the squares on both sides and noting that 

2 2 

sin 0 + cos ^=l,weget 


X'-X = AX = — (1-cos^) 
mc 


72. (a) The average kinetic energy is 

K=^kT = |(l.38 x 1(T 23 J / K)(300 K) = 6.21 x 10 21 J = 3.88 x IO" 2 eV. 
(b) The de Broglie wavelength is 


h 6.63xlO- 34 J-s 1 A , lft _ 10 

À= , = = -j =1.46x10 m. 

4 lm n K ^2(l.675xl0" 27 kg)(6.21xl0" 21 j) 


73. (a) The average de Broglie wavelength is 


h h h hc 

avs " Pavg ~ JlrnK^ ~ pm(3kT/2) ~ ^2(mc 2 )kT 

1240eV-nm 
^3(4)(938 MeV)(8.62 x 1CT 5 eV / K)(300 K) 
= 7.3xlCT 11 m = 73pm. 

(b) The average separation is 

1 i í(l.38xlCr 23 J/K)(300K) 

d = — = = 3 11 l± - = 3 4r 

avs &t l^IkT V l-01xl0 5 Pa 

(c) Yes, since À avg « d. 


74. (a) Since 

E ph = h/X = 1240 eV-nm/680 nm = 1.82 eV < O = 2.28 eV, 
there is no photoelectric emission. 

(b) The cutoff wavelength is the longest wavelength of photons which will cause 
photoelectric emission. In sodium, this is given by 

£p h = hc/X max = O, 

or 

X mãX = hc/O = (1240 eV-nm)/2.28 eV = 544 nm. 

(c) This corresponds to the color green. 


Using the value hc = 1240eV • nm , we obtain 


hc 1240eV-nm 6 

E = — = = 5.9x10 eV = 5.9//eV. 

X 21xl0 7 nm 


76. We substitute the classical relationship between momentum p and velocity v, v = p/m 

2 2 

into the classical definition of kinetic energy, K = \mv to obtain K = p I2m. Here m is 

the mass of an electron. Thus p = sJlmK . The relationship between the momentum and 
the de Broglie wavelength X is X = h/p, where h is the Planck constant. Thus, 

X = — h — 

líKis given in electron volts, then 


X = 


6.626x10 J-s 


1.226 x IO" 9 m-eV 


rl/2 


^2(9.109 x 10" 31 kg)( 1.602 x IO 19 J/eV)K 
1.226 nm-eV 1/2 


77. The de Broglie wavelength for the bullet is 


x- h - h 


6.63xlCT 34 J.s 


p mv (40xl(r kg)(1000m/s) 


= 1.7 x 10 35 


m 


78. (a) Since p x = p y = O, Ap x = Ap y = 0. Thus from Eq. 38-20 both Ax and Ay are 

infinite. It is therefore impossible to assign a y or z coordinate to the position of an 
electron. 

(b) Since it is independent of y and z the wave function ^(x) should describe a plane 
wave that extends infinitely in both the y and z directions. Also from Fig. 38-12 we see 
that 1^(^)1 extends infinitely along the x axis. Thus the matter wave described by *F(x) 
extends throughout the entire three-dimensional space. 


79. The uncertainty in the momentum is 

Ap = mAv = (0.50 kg)(1.0 m/s) = 0.50 kg-m/s, 

where Av is the uncertainty in the velocity. Solving the uncertainty relationship AxAp > fi 
for the minimum uncertainty in the coordinate x, we obtain 


80. The kinetic energy of the car of mass m moving at speed v is given by E = \mv 2 , 
while the potential barrier it has to tunnel through is Ub = mgh, where h = 24 m. 
According to Eq. 38-21 and 38-22 the tunneling probability is given by T « e~ 2bL , where 


knm(U b -E) _ 8TZ 2 m(mgh-^mv 2 ) 


V h 2 
27r(l500kg) 
~ 6.63xl0" 34 J-s 
= 1.2xl0 38 m^. 


(9.8m/s 2 )(24m)--(20m/s) 2 


Thus, 


2bL = 2(l.2x IO 38 nT 1 )(30m) = 7.2x IO 39 . 


One can see that T « e is very small (essentially zero). 


81. Wenotethat 

\e ikx \ 2 = (e ikx y(e ikx ) = e~ ikx e ikx = 1. 
Referring to Eq. 38-14, we see therefore that \y/\ 2 =|W . 


82. From Sample Problem 38-4, we have 

AE AX (h/mc)(l-cos<f>) hf 


E X + AX X' mc 2 

where we use the fact that X + AX = X' = c/f '. 


(l-cos^) 


83. With no loss of generality, we assume the electron is initially at rest (which simply 
means we are analyzing the collision from its initial rest frame). If the photon gave ali its 
momentum and energy to the (free) electron, then the momentum and the kinetic energy 
of the electron would become 



K = hf, 


c 


respectively. Plugging these expressions into Eq. 38-51 (with m referring to the mass of 
the electron) leads to 

(pc) 2 =K 2 +2Kmc 2 
(hf) 2 = (hf) 2 + 2hfmc 2 


which is clearly impossible, since the last term (Ihftnc ) is not zero. We have shown that 
considering total momentum and energy absorption of a photon by a free electron leads to 
an inconsistency in the mathematics, and thus cannot be expected to happen in nature. 


84. The difference between the electron-photon scattering process in this problem and the 
one studied in the text (the Compton shift, see Eq. 38-11) is that the electron is in motion 
relative with speed v to the laboratory frame. To utilize the result in Eq. 38-11, shift to a 
new reference frame in which the electron is at rest before the scattering. Denote the 
quantities measured in this new frame with a prime (' ), and apply Eq. 38-11 to yield 

h 2h 
AX'= X'-X' 0 = (1 - cos ti) = , 

m e c m e c 

where we note that </)= n (since the photon is scattered back in the direction of incidence). 
Now, from the Doppler shift formula (Eq. 38-25) the frequency/' 0 of the photon prior to 
the scattering in the new reference frame satisfies 


J o — » , — Jó-, 


X', 


where f3 = v/c. Also, as we switch back from the new reference frame to the original one 
after the scattering 


f = f\ 


1-/7 _ c 


We solve the two Doppler-shift equations above for X' and X'o and substitute the results 
into the Compton shift formula for AX': 


Some simple álgebra then leads to 


E = hf=hf Q 


1 + 


2h 1 + J3 


1. Since E n cc L 2 in Eq. 39-4, we see that if L is doubled, then E\ becomes (2.6 eV)(2) 
= 0.65 eV. 


2. We first note that since h = 6.626 x 10 J J-s and c = 2.998 x 10 m/s, 


(6.626 x IO 34 J • s)Í2.998 x 10 8 m/ s) 

hc = \ v / = 1240eV • nm. 

(1.602 x 10 19 J / eV)(lO" 9 m/ nm) 

Using the mc value for an electron from Table 37-3 (511 x 10 3 eV), Eq. 39-4 can be 
rewritten as 

= n 2 h 2 = n\hc) 2 
" 8mL 2 S(mc 2 )L 2 ' 
The energy to be absorbed is therefore 

(4 2 -l 2 U 2 \5{hc) 2 15(l240eV-nm) 2 

AE = E -E =- - = - - = - - = 90 3eV 

" ' 8m e L 2 8(m e c 2 )L 2 8(511xl0 3 eV) (0.250nm) 2 


2 3 

3. We can use the mc value for an electron from Table 37-3 (511 x 10 eV) and hc = 
1240 eV • nm by writing Eq. 39-4 as 


„ n 2 h 2 n 2 (hcf 
E„ = 


" 8mL 2 8(mc 2 )L 2 ' 
For n = 3, we set this expression equal to 4.7 eV and solve for L: 


^S(mc 2 )E n ^8(511xl0 3 eV)(4.7eV) 


4. With m = m p = 1.67 x 10 27 kg, we obtain 


2 

n = 


(6.63xl(T 34 J.s) 2 


8(1.67xl0" 27 kg)(l00xl0 12 m) 


(1) =3.29x10 21 J=0.0206eV 


Alternatively, we can use the mc value for a proton from Table 37-3 (938 x 10 eV) and 
hc = 1240 eV • nm by writing Eq. 39-4 as 

n 2 h 2 n 2 (hcf 


E„ = 


" SmL 2 s(m p c 2 )L 2 


This alternative approach is perhaps easier to plug into, but it is recommended that both 
approaches be tried to find which is most convenient. 


5. To estimate the energy, we use Eq. 39-4, with n = 1, L equal to the atomic diameter, 
and m equal to the mass of an electron: 

, h 2 (l) 2 (6.63xl(T 34 J-s) 2 
E = n T = — K - '- T = 3.07 x 1CT 10 J=1920MeV * 1.9 GeV. 


8mL 8(9.11xl0" 31 kg)(l.4xl0" 14 m) 


6. (a) The ground-state energy is 


( 1.2 \ 


K %m e L j 


(6.63xl(T 34 J-s) 2 


8(9. 1 1 x 1(T 31 kg) ( 200 x IO -12 m) 


(1) 


= 9.42eV. 


(b) With m p = 1.67 x 10 27 kg, we obtain 



f 

2 


n = 




V 


(6.63xl0" 34 J-s) 2 


8(1 .67 x IO" 27 kg) ( 200 x IO" 12 m) 


= 5.13xlO~ 3 eV. 


7. According to Eq. 39-4 E n cc L 1 . As a consequence, the new energy levei E' n satisfies 


K 


-2 


2 

1 


kl) 




= 2' 


which gives L' = 4lL. Thus, the ratio is VIL = V2 = 1.41. 


8. Let the quantum numbers of the pair in question be n and n + 1, respectively. Then 

E n+l -E n = E l (n+ l) 2 - Em 2 = (2n + l)E { . 

Letting 

E n+l ~ E n = (2n + 1)^ = 3{E 4 - E 3 ) = 3(4 2 E X -3 2 E,) = 2 \E X , 

we get 2n + 1 = 21, or n = 10. Thus, 

(a) the higher quantum number is «+1 = 10+1 = 11, and 

(b) the lower quantum number is n = 10. 

(c) Now letting 

E n+1 -E n = (2n + 1)^ = 2(E 4 -E 3 ) = 2(4 2 - 3 2 ^ ) = 14£, , 

we get 2n + 1 = 14, which does not have an integer-valued solution. So it is impossible to 
find the pair of energy leveis that fits the requirement. 


9. Let the quantum numbers of the pair in question be n and n + 1, respectively. We note 
that 

E _ {n + \) 2 h 2 n 2 h 2 _ {2n + \)h 2 
SmL 2 8mL 2 8mL 2 

Therefore, E n+ i - E n = (2n + Y)E\. Now 

E n+1 -E n =E 5 =5 2 E l = 25E, = (2n + 1)^ , 

which leads to 2n + 1 = 25, or n = 12. Thus, 

(a) The higher quantum number isn+l = 12+l = 13. 

(b) The lower quantum number is n = 12. 

(c) Now let 

E n+i -E n =E 6 =6 2 E l =36E l =(2n + l)E l , 

which gives 2n + 1 = 36, or n = 17.5. This is not an integer, so it is impossible to find the 
pair that fits the requirement. 


2 2 2 

10. The energy leveis are given by E n = n h /SmL , where h is the Planck constant, m is 
the mass of an electron, and L is the width of the well. The frequency of the light that will 
excite the electron from the state with quantum number n t to the state with quantum 
number n/is 


We evaluate this expression for n, = 1 and n f = 2, 3, 4, and 5, in turn. We use h = 6.626 x 
10 34 J • s, m = 9.109 x 10 31 kg, and L = 250 x 10 12 m, and obtain the following results: 

(a) 6.87 x 10~ 8 m for n/= 2, (the longest wavelength). 

— & 

(b) 2.58 x 10 m for n/= 3, (the second longest wavelength). 

(c) 1.37 x 10~ 8 m for tif= 4, (the third longest wavelength). 



and the wavelength of the light is 



SmL 2 c 


2 3 

11. We can use the mc value for an electron from Table 37-3 (511 x 10 eV) and hc = 
1240 eV • nm by rewriting Eq. 39-4 as 


r n 2 h 2 n 2 (hcf 
E = 


" 8mL 2 &(mc 2 )L 2 ' 
(a) The first excited state is characterized by n = 2, and the third by n' = 4. Thus, 

AE = -WL(n' a -n')= , ( 1240e W _ ( 4 2 - 2 2 ) = (6.02eV) (16-4) 

8(mc 2 )L 2 1 ' 8(511xl0 3 eV)(0.250nm) 2 1 ' V M ^ 

= 72.2eV. 

Now that the electron is in the n' = 4 levei, it can "drop" to a lower levei (n") in a variety 
of ways. Each of these drops is presumed to cause a photon to be emitted of wavelength 

hc S(mc 2 )L 2 


E n ,-E n „ hc(n' 2 -n" 2 )' 

For example, for the transition n' = 4 to n" = 3, the photon emitted would have 
wavelength 

8Í511xl0 3 eV) (0.250 nm) 2 

X = —, T71 TT^ = 294nm, 

(l240eV-nm)(4 2 -3 2 ) 

and once it is then in levei n" = 3 it might fali to levei n'" = 2 emitting another photon. 
Calculating in this way ali the possible photons emitted during the de-excitation of this 
system, we obtain the following results: 

(b) The shortest wavelength that can be emitted is À, 4 _>, = 13.7 nm. 

(c) The second shortest wavelength that can be emitted is X 4 ^ 2 = 17.2nm. 

(d) The longest wavelength that can be emitted is X 2 ^ = 68.7 nm. 

(e) The second longest wavelength that can be emitted is X 3 ^ 2 = 41.2nm. 


(f) The possible transitions are shown next. The energy leveis are not drawn to scale. 

— I 1 1 1- "=4 


«=3 


(g) A wavelength of 29.4 nm corresponds to 4 — > 3 transition. Thus, it could make either 
the 3 — > 1 transition or the pair of transitions: 3 — > 2 and 2 — > 1 . The longest wavelength 
that can be emitted is = 68.7 nm. 

(h) The shortest wavelength that can next be emitted is = 25.8nm. 


12. The frequency of the light that will excite the electron from the state with quantum 
number n, to the state with quantum number n/is 


f = = T \ n f~ n i 


h SmL 

and the wavelength of the light is 


X = - = 


f h(n 2 f -nf} 
The width of the well is 

L = 


Àhc(n 2 f -nf) 


Smc 

The longest wavelength shown in Figure 39-28 is X = 80.78 nmwhich corresponds to a 
jump from n i = 2 to n f = 3 . Thus, the width of the well is 


Áhc(n f - ni ) (80.78 nm)(1240eV-nm)(3 2 -2 2 ) .... ... 

L = J J — = A = 0.350nm = 350 pm. 

V 8mc 2 V 8(511xl0 3 eV) 


13. The probability that the electron is found in any interval is given by P = j\y/\ 2 dx, 

where the integral is over the interval. If the interval width Ax is small, the probability 
can be approximated by P = I yÁ Ax, where the wave function is evaluated for the center 
of the interval, say. For an electron trapped in an infinite well of width L, the ground state 
probability density is 


\w\ = — sin' 
1 1 L 


í KX^ 


so 


p = 


(2Ax^ 


f nx^ 


sin 2 


{ L ) 


KL) 


(a) We take L = 100 pm, x = 25 pm, and Ax = 5.0 pm. Then, 


P = 


2(5.0 pm) 
100 pm 


sin 


7r(25pm) 
lOOpm 


= 0.050. 


(b) We take L = 100 pm, x = 50 pm, and Ax = 5.0 pm. Then, 


P = 


2(5.0 pm) 
lOOpm 


sin 


7t(50pm) 
lOOpm 


= 0.10. 


(c) We take L = 100 pm, x = 90 pm, and Ax = 5.0 pm. Then, 


P = 


2(5.0 pm) 
lOOpm 


sin 


7i(90pm) 
100 pm 


= 0.0095. 


14. We follow Sample Problem 39-3 in the presentation of this solution. The integration 
result quoted below is discussed in a little more detail in that Sample Problem. We note 
that the arguments of the sine functions used below are in radians. 

(a) The probability of detecting the particle in the region 0<x<L/4 is 


( 2 ) 

Í-] 




f 2 

|J 0 sin y d y= 

(b) As expected from symmetry, 

}L ún2ydy = 


y sin 2 y ^ 
2 4~ ) 


ttIA 


= 0.091. 


2 V L \ f i . 7 , 2Íy sin2y^ 

7r{2 4 


= 0.091. 


(c) For the region L/4<x<3L/4,we obtain 


f 2\( L \ f 3W4 2 a 

— sin v dy = 


v w 


71 


y sin 2y^ 
v 2 4~ 


nlA 


3n/4 


= 0.82 


which we could also have gotten by subtracting the results of part (a) and (b) from 1 ; that 
is, 1 -2(0.091) = 0.82. 


15. The position of maximum probability density corresponds to the center of the well: 
x = LI 2 = (200 pm) / 2 = 100 pm. 

(a) The probability of detection at x is given by Eq. 39-1 1: 


p(x) = y/ 2 n (x)dx = 


2 ■ 
— sin 

\L 


' nn 


v t- J 


dx = — sin 2 
L 


1 nn 


v t- J 


dx 


For n = 3 , L = 200 pm and dx = 2.00 pm (width of the probe), the probability of 


2 2 

dx = -dx = (2.00 pm) = 0.020 . 

L 200 pm v ! 


L/2 = 

100 

pm 

is 



2 . 2 

f 3n 


= 

2 . 2 


— sin 



— sin 


L 


'2y 


L 

v 2 J 


(b) With ./V = 1000 independent insertions, the number of times we expect the electron to 
be detected is 

n = Np = (1000X0.020) = 20 . 


16. From Eq. 39-1 1, the condition of zero probability density is given by 

= 0 : 


sin 


nn 


-x = mn 


where m is an integer. The fact that x = 0.300L and x = 0A00L have zero probability 
density implies 

sin (0.300n;r) = sin (0.400w^) = 0 

which can be satisfied for n = 10m, where m = l,2,... However, since the probability 
density is non-zero between x = 0.300L and x = 0.400L , we conclude that the electron is 
in the n = 10 state. The change of energy after making a transition to rí = 9 is then equal 
to 


h 2 , , ,x Í6.63xl(T 34 J-s) 
\AE\ = JL^(n 2 -n' 2 ) = ^ >- - 2 

8mL 8(9.1 lx IO" 31 kg) (2.00xl0- 10 m) 


(l0 2 -9 2 ) = 2.86xl(T 17 J 


17. According to Fig. 39-9, the electron's initial energy is 106 eV. After the additional 
energy is absorbed, the total energy of the electron is 106 eV + 400 eV = 506 eV. Since it 
is in the region x > L, its potential energy is 450 eV (see Section 39-5), so its kinetic 
energy must be 506 eV - 450 eV = 56 eV. 


18. From Fig. 39-9, we see that the sum of the kinetic and potential energies in that 
particular finite well is 233 eV. The potential energy is zero in the region 0 < x < L. If the 
kinetic energy of the electron is detected while it is in that region (which is the only 
region where this is likely to happen), we should find K = 233 eV. 


19. Schrõdinger' s equation for the region x > L is 


d 2 y/ Sn 2 mr , 


If yr= De 2kx , then d = *k 2 De 2kx = 4k 2 y/and 


d 2 y/ Sn 2 m. -, 2 87i: 2 m rr , ■■ 

-^ + -^[E-C/ 0 ]^ = 4fcV + -^[E-C/ 0 y. 


This is zero provided 


k = ^2m{U Q -E). 


The proposed function satisfies Schrõdinger' s equation provided k has this value. Since 
Uq is greater than E in the region x > L, the quantity under the radical is positive. This 
means k is real. If k is positive, however, the proposed function is physically unrealistic. 
It increases exponentially with x and becomes large without bound. The integral of the 
probability density over the entire *-axis must be unity. This is impossible if y/ is the 
proposed function. 


20. The smallest energy a photon can have corresponds to a transition from the non- 
quantized region to E v Since the energy difference between E 3 and E 4 is 

AE = E 4 -E 3 =9.0eV-4.0eV = 5.0eV, 

the energy of the photon is E hoton =K + AE = 2.00 eV + 5.00 eV = 7.00 eV . 


21. Using E = hcl Â = (1240eV -nm)/Á , the energies associated with Â a , Á h 

and are 

E =^ = 124OeV - nm =85.00eV 
fl Á a 14.588 nm 

/íc 1240eV-nm 

E, = — = = 256.0 eV 

h Á b 4.8437 nm 

E =j£= 1240eV - nm =426.0eV. 
e l c 2.9108 nm 

The ground-state energy is 

E X =E A -E c = 450.0 eV - 426.0 eV = 24.0 eV . 

Since E a =E 2 — E Í , the energy of the first excited state is 


E 2 =E X + E a = 24.0 eV + 85.0 eV = 109 eV 


2 3 

22. We can use the mc value for an electron from Table 37-3 (511 x 10 eV) and hc = 
1240 eV • nm by writing Eq. 39-20 as 


2h 2 

( 2 

2 > 



8m 




8(mc 2 ) 


.2 A 


L 


y J 


For n x = n v = 1 , we obtain 


(l240eV-nm) 2 
1,1 ~ 8(511xl0 3 eV) 


£;,= 


- + - 


(0.800nm) (l.600nm) 


= 0.734 eV. 


2 3 

23. We can use the mc value for an electron from Table 37-3 (511 x 10 eV) and hc = 
1240 eV • nm by writing Eq. 39-21 as 


2h 2 


í 


Sm 


K n y K 

Ú Ú L 2 
v ^ S J 


(hc) 


8(mc 2 ) 


1 ( 2 2 r\ 

n l n y n, 

j2 j2 j2 

v S ^ j 


For n x = n y = n z = 1, we obtain 


(l240eV-nm) 2 
8(511xl0 3 eV) 


- + - 


- + - 


(0.800nm) (l.600nm) (0.390nm) 


= 3.21 eV. 


24. We are looking for the values of the ratio 


h 2 SmL 2 


n r 


2 A 


- + - 


yj 


í i 

2 , 1 2 


and the corresponding differences. 

(a) For n x = n y = 1, the ratio becomes 1 + 1 = 1.25. 

(b) For n x = 1 and Hj, = 2, the ratio becomes 1 + ^(4) = 2.00. One can check (by computing 
other (n x , n y ) values) that this is the next to lowest energy in the system. 

(c) The lowest set of states that are degenerate are (n x , n y ) = (1, 4) and (2, 2). Both of 
these states have that ratio equal to 1 + \ (16) = 5.00. 

(d) For n x = 1 and n y = 3, the ratio becomes 1 + j(9) = 3.25. One can check (by computing 
other (n x , n y ) values) that this is the lowest energy greater than that computed in part (b). 
The next higher energy comes from (n x , n y ) = (2, 1) for which the ratio is 4 + j(l) = 4.25. 
The difference between these two values is 4.25 - 3.25 = 1.00. 


25. The energy leveis are given by 


h 2 


4 

h 2 


Sm 

A 


~ SmL 2 



2 2 

where the substitutions L x = L and Ly = 2L were made. In units of h /SmL , the energy 
leveis are given by n 2 x +n 2 IA . The lowest five leveis are £i,i = 1.25, £1,2 = 2.00, £1,3 = 

3.25, £2,1 = 4.25, and £2,2 = £1,4 = 5.00. It is clear that there are no other possible values 
for the energy less than 5. The frequency of the light emitted or absorbed when the 
electron goes from an initial state i to a final state / is / = (£j - Ej)/h, and in units of 
h/SmL 2 is simply the difference in the values of n 2 + n 2 /4 for the two states. The 

possible frequencies are as follows: 0.75(1,2 -> 1,1), 2.00(1,3 -> 1,1), 3.00(2,1 -> 1,1), 

3.75(2,2 ^1,1), 1.25(1,3 ^1,2), 2.25(2,1 ^-1,2), 3.00(2,2 ^1,2), 1.00(2,1 ^-1,3), 

1 .75 ( 2, 2 -> 1, 3) , 0.75(2, 2 -> 2, l) , ali in units of h/SmL 2 . 

(a) From the above, we see that there are 8 different frequencies. 

(b) The lowest frequency is, in units of h/SmL , 0.75 (2, 2—» 2,1). 

(c) The second lowest frequency is, in units of h/SmL 2 , 1.00 (2, 1 — > 1,3). 

(d) The third lowest frequency is, in units of h/SmL , 1.25 (1, 3 — > 1,2). 

(e) The highest frequency is, in units of h/SmL 2 , 3.75 (2, 2—» 1,1). 

(f) The second highest frequency is, in units of h/SmL , 3.00 (2, 2— > 1,2) or (2, 1 — > 1,1). 

(g) The third highest frequency is, in units of h/SmL 2 , 2.25 (2, 1 — > 1,2). 


26. We are looking for the values of the ratio 


h 2 /SmL 



( 2 , 2 , 2 


) 


and the corresponding differences. 

(a) For n x = n y = n z = 1, the ratio becomes 1 + 1 + 1 = 3.00. 

(b) For n x = n y = 2 and n z = 1, the ratio becomes 4 + 4 + 1 = 9.00. One can check (by 
computing other (n x , n y , n z ) values) that this is the third lowest energy in the system. One 
can also check that this same ratio is obtained for (n x , n y , n z ) = (2, 1, 2) and (1, 2, 2). 

(c) For n x = n y = 1 and n z = 3, the ratio becomes 1 + 1 + 9 = 11.00. One can check (by 
computing other (n x , n y , n z ) values) that this is three "steps" up from the lowest energy in 
the system. One can also check that this same ratio is obtained for (n x , n y , n z ) = (1, 3, 1) 
and (3, 1, 1). If we take the difference between this and the result of part (b), we obtain 
11.0-9.00 = 2.00. 

(d) For n x = n y = 1 and n z = 2, the ratio becomes 1 + 1 + 4 = 6.00. One can check (by 
computing other (n x , n y , n z ) values) that this is the next to the lowest energy in the system. 
One can also check that this same ratio is obtained for (n x , n y , n z ) = (2, 1, 1) and (1, 2, 1). 
Thus, three states (three arrangements of (n x , n y , n z ) values) have this energy. 

(e) For n x = 1, n y = 2 and n z = 3, the ratio becomes 1 + 4 + 9 = 14.0. One can check (by 
computing other (n x , n y , n z ) values) that this is five "steps" up from the lowest energy in 
the system. One can also check that this same ratio is obtained for (n x , n y , n z ) = (1, 3, 2), 
(2, 3, 1), (2, 1, 3), (3, 1, 2) and (3, 2, 1). Thus, six states (six arrangements of (n x , n y , n z ) 
values) have this energy. 


27. The ratios computed in Problem 39-26 can be related to the frequencies emitted using 
/ = AE/h, where each levei E is equal to one of those ratios multiplied by h 2 ISmL 2 . This 
effectively involves no more than a cancellation of one of the factors of h. Thus, for a 
transition from the second excited state (see part (b) of Problem 39-26) to the ground 
state (treated in part (a) of that problem), we find 

/= (9.00- W-JU = (6.00)í-^\ 
\omL J \omL J 

In the following, we omit the h/SmL factors. For a transition between the fourth excited 
state and the ground state, we have/= 12.00 - 3.00 = 9.00. For a transition between the 
third excited state and the ground state, we have/= 11.00 - 3.00 = 8.00. For a transition 
between the third excited state and the first excited state, we have/= 1 1.00 - 6.00 = 5.00. 
For a transition between the fourth excited state and the third excited state, we have / = 
12.00 - 11.00 = 1.00. For a transition between the third excited state and the second 
excited state, we have/= 1 1 .00 - 9.00 = 2.00. For a transition between the second excited 
state and the first excited state, we have/= 9.00 - 6.00 = 3.00, which also results from 
some other transitions. 

(a) From the above, we see that there are 7 frequencies. 

(b) The lowest frequency is, in units of h/SmL 2 , 1.00. 

(c) The second lowest frequency is, in units of h/SmL , 2.00. 

(d) The third lowest frequency is, in units of h/SmL 2 , 3.00. 

(e) The highest frequency is, in units of h/SmL , 9.00. 

(f) The second highest frequency is, in units of h/SmL 2 , 8.00. 


2 

(g) The third highest frequency is, in units of h/SmL , 6.00. 


28. The statement that there are three probability density máxima along x = L x I2 implies 
that n y = 3 (see for example, Figure 39-6). Since the máxima are separated by 2.00 nm, 
the width of L y is L = n ( 2.00 nm) = 6.00 nm. Similarly, from the information given 
along y = L I 2 , we find n x = 5 and L x = n x (3.00 nm) = 15.0 nm. Thus, using Eq. 39-20, 
the energy of the electron is 


h 


2 ( 2 


n 


— + 

L 2 L 2 , 

v x y J 


Sm 
= 2.2xl0" 20 


(6.63 xl0~ 34 J-s) 2 


8(9.1 lx IO" 31 kg) 


1 


(3.00x1o" 9 m) 2 (2.00x10"* m) 2 


29. The discussion on the probability of detection for one-dimensional case found in 
Section 39-4 can be readily extended to two dimensions. In analogy to Eq. 39-10, the 
normalized wave function in two dimensions can be written as 


v„» (x, y) = Wn (x)y. (y) = J— sin 


LL 

x y 


sin 


í \ 
nn 
^—x 


sin 


( \ 
n n 


sin 


f \ 
nn 

— y 

v y J 


The probability of detection by a probe of dimension AxAy placed at (x, y) is 


< \ , s 2 a a 4(AxAy) . 2 
p{x,y)= y nx , n {x,y) AxAy = sin 


L L 

x y 


nn 

- Jí —x 

v4- j 


sin 


n n 


With L x =L =L = 150pm and Ax = Ay = 5.00 pm , the probability of detecting an 
electronin (n x ,n y ) = (1,3) state by placing a probe at (0.200L, 0.800L) is 


A(AxAy) . 2 
p = — — sin 


5.00 pm 
150 pm 


n x n 


sin 


nn 

y - 


4(5.00 pm) 2 . 2 

— — — sin 2 

(150 pm) 2 


n 


•0.200L 


sin 


3n 


0.800L 


= 4 

= 1.4xl0~ 3 


sin 2 (0.200^-) sin 2 (2.40^) 


30. In analogy to Eq. 39-10, the normalized wave function in two dimensions can be 
written as 


2 . 


■ sin 


sin 


2 . 
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'L 
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n n 


n y 7t 


The probability of detection by a probe of dimension AxAy placed at (x, y) is 

p(x, y) = y/ ns Ky (x, y) 


2 4(AxAy) . 2 
AxAy = — — sin 


L L 

x y 


í \ 

nn 
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sin 


í \ 
n n 


A detection probability of 0.0450 of a ground-state electron (n x = n y = 1) by a probe of 
area AxAy = 400 pm 2 placed at (x, y) = (L/8, L/8) implies 


0.0450 = 


4(400 pm 2 ) . 


sin 


(n 





= 4 

f 20 pnO 

2 
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yL 

8y 
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Solving for L, we get L = 27.6 pm . 


31. (a) We use Eq. 39-39. At r = a 


¥ \r) = 


-ala 


na 


-2 

e = 


ti(5.29 x 1(T 2 nm) 


-e' 1 = 291nnT 3 


(b) We use Eq. 39-44. At r = a 


Pír) = -a = ^ = 

w a 3 a 5.29xl(T 2 nm 


= 10.2nm 


32. (a) We use Eq. 39-44. At r = O, P(r) oc r 2 = 0. 
(b) At r = a 


P{r) = ^a 2 e- 2a/a 


4e~ 2 4e 


(c) At r = la 


P(r) = ^(2afe- Aa l a ^ — 


a 5.29 x 10 nm 
16e 4 


= 10.2nm 


a 5.29 x 10 z nm 


= 5.54nm 1 


33. If kinetic energy is not conserved, some of the neutron's initial kinetic energy is used 
to excite the hydrogen atom. The least energy that the hydrogen atom can accept is the 
difference between the first excited state (n = 2) and the ground state (n = 1). Since the 
energy of a state with principal quantum number n is -(13.6 eV)/n 2 , the smallest 
excitation energy is 

AE = £2 _ £i = -13.6eV_-13.6eV =102eV 
(2) (1) 


The neutron does not have sufficient kinetic energy to excite the hydrogen atom, so the 
hydrogen atom is left in its ground state and ali the initial kinetic energy of the neutron 
ends up as the final kinetic energies of the neutron and atom. The collision must be elastic. 


34. (a) The energy levei corresponding to the probability density distribution shown in 
Fig. 39-22 is the n = 2 levei. Its energy is given by 


i^v = _ 34eV 

2 2 2 

(b) As the electron is removed from the hydrogen atom the final energy of the proton- 
electron system is zero. Therefore, one needs to supply at least 3.4 eV of energy to the 
system in order to bring its energy up from Ei = - 3.4 eV to zero. (If more energy is 
supplied, then the electron will retain some kinetic energy after it is removed from the 
atom.) 


35. (a) Since energy is conserved, the energy E of the photon is given by E = E { - Ef, 
where £, is the initial energy of the hydrogen atom and Ef is the final energy. The electron 
energy is given by (- 13.6 eV)/n 2 , where n is the principal quantum number. Thus, 


- 13.6eV -13.6 eV 
(3) 2 " (O 2 


E = E 3 -E 1 = — '— — = 12.1eV 


(b) The photon momentum is given by 


E (l2.1eV)(l.60xlO" 19 J/eV) 

p = — = 5 1 = 6.45 x 10 kg- m/s 

c 3.00 x 10 8 m/s ' 


(c) Using hc = 1240 eV • nm, the wavelength is 


. hc 1240eV-nm 

À = — = = 102nm 

E 12.1eV 


36. From Eq. 39-6, 

AE = hf = (4.14 x 1(T 15 eV • s)(6.2 x IO 14 Hz) = 2.6eV . 


37. The energy E of the photon emitted when a hydrogen atom jumps from a state with 
principal quantum number n to a state with principal quantum number ri is given by 


E = A 


1 1 


.'2 


n 2 j 


where A = 13.6 eV. The frequency/of the electromagnetic wave is given by/= E/h and 
the wavelength is given by X = cif. Thus, 


A, 


c 


1 1 


n 1 ; 


The shortest wavelength occurs at the series limit, for which n = qo. For the Balmer series, 
n' = 2 and the shortest wavelength is Xb = AhclA. For the Lyman series, ri = 1 and the 
shortest wavelength is X L = hclA. The ratio is X B IX L = 4.0. 


38. The difference between the energy absorbed and the energy emitted is 

hc hc 


F - F 

photon absorbed photon emitted 


absorbed emitted 


Thus, using hc = 1240 eV • nm, the net energy absorbed is 


hcA 


( 1 A 


= (l240eV-nm) 


v 375nm 580nm j 


= 1.17eV 


39. (a) We take the electrostatic potential energy to be zero when the electron and proton 
are far removed from each other. Then, the final energy of the atom is zero and the work 
done in pulling it apart is W = - E t , where E t is the energy of the initial state. The energy 
of the initial state is given by E { = (-13.6 eV)/n 2 , where n is the principal quantum 
number of the state. For the ground state, n = 1 and W = 13.6 eV. 


(b) For the state with n = 2, W= (13.6 eV)/(2) 2 = 3.40 eV. 


40. (a) AE = - (13.6 eV)(4" 2 - T 2 ) = 12.8 eV. 

(b) There are 6 possible energies associated with the transitions 4 — > 3, 4 — > 2, 4 — > 1,3 
-> 2, 3 -> 1 and 2 ->1. 

(c) The greatest energy is E^, = 12.8eV. 

(d) The second greatest energy is E 3 ^ = -(l3.6eV)(V 2 -1~ 2 ) = 12.1eV . 

(e) The third greatest energy is E 2 ^ = -(l3.6eV)(2~ 2 -T 2 ) = 10.2eV . 

(f) The smallest energy is E A ^ = -(l3.6eV)(4~ 2 -3~ 2 ) = 0.661 eV . 

(g) The second smallest energy is E 3 ^ 2 = -(l3.6eV)(V 2 -2~ 2 ) = 1.89eV . 

(h) The third smallest energy is E 4 ^ 2 = -(l3.6eV) (4 -2 - 2~ 2 ) = 2.55eV. 


41. According to Sample Problem 39-8, the probability the electron in the ground state of 
a hydrogen atom can be found inside a sphere of radius r is given by 

p{r) = \-e- 2x (\ + 2x + 2x 2 ) 

where x = ria and a is the Bohr radius. We want r = a, so x = 1 and 

p(a) = 1 - e- 2 (1 + 2 + 2) = 1 - 5e~ 2 = 0.323. 


The probability that the electron can be found outside this sphere is 1 - 0.323 = 0.677. It 
can be found outside about 68% of the time. 


42. Using Eq. 39-6 and hc = 1240 eV • nm, we find 

4 „ „ hc 1240eV-nm inn ^ 7 

AE = E h = — = = l02eV 

photon ^ I2l.6nm 


Therefore, n\ ow = l, but what precisely is «high? 

!3.6eV l3.6eV 
E... = E +AE => — = — + l0.2eV 

hl gn km n 2 ^2 

which yields n = 2 (this is confirmed by the calculation found from Sample Problem 39- 
6). Thus, the transition is from the n = 2 to the n = l state. 

(a) The higher quantum number is n = 2. 

(b) The lower quantum number is n = l . 

(c) Referring to Fig. 39-18, we see that this must be one of the Lyman series transitions. 


43. The proposed wave function is 


¥ = 


-r/a 


where a is the Bohr radius. Substituting this into the right side of Schrõdinger's equation, 
our goal is to show that the result is zero. The derivative is 


so 


and 


J_ d_ 
r 2 dr 


dy/ 
~dr~ 


dy/ _ 
dr 

2 dy/ 
~dr~ 

1 


1 


yjna 


5/2 


V^ 5/2 
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-r/a 


4^a 5 ' 2 


2 1 

— + — 
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2 1 

— + — 
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¥■ 


The energy of the ground state is given by E = -me 4 /Ss 2 Q h 2 and the Bohr radius is given 
by a = h 2 s Q /nme 2 , so E = -e 2 /Sm 0 a. The potential energy is given by U = -e 2 /4ns 0 r , 
so 


&n 2 m 

~1F 


[E-U]y/ = 


Sn 2 m 


2 2 

+ 

Sns Q a 4ne 0 r 


&iz 2 m e 2 


Time 


h 2 e 


0 L 


1 

2" 

1 

1 
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+ — 

w = - 


+ — 

a 

r _ 

a 

a 
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h 8ne n 


¥■ 


1 2 

■ — + — 
a r 


The two terms in Schrõdinger's equation cancel, and the proposed function yr satisfies 
that equation. 


44. (a) The calculation is shown in Sample Problem 39-6. The difference in the values 
obtained in parts (a) and (b) of that Sample Problem is 122 nm - 91.4 nm «31 nm. 


(b) We use Eq. 39-1. For the Lyman series, 

_ 2.998 x 10 y, _ 2.998 x l<y , _ 
91.4 x IO" 9 m 122xl0" 9 m 


(c) Fig. 39-19 shows that the width of the Balmer series is 656.3 nm - 364.6 nm « 
292 nm « 0.29 //m . 

(d) The series limit can be obtained from the co — > 2 transition: 

2.998 x 10 8 m/s 2.998 x 10 8 m/s . 4 . 4 

Af = r-^ r-í— = 3.65x10 Hz «3.7x10 Hz. 

364.6x10 9 m 656.3x10 9 m 


45. (a) and (b) Letting a = 5.292 x 10 11 m be the Bohr radius, the potential energy 
becomes 


e 2 (8.99xl0 9 N-m 2 /C 2 Xl.602xl(r 19 C) 
U = — = = -4.36 x 10 18 J = -27.2 eV 


47ts 0 íí 5.292 xlO u m 


The kinetic energy is K = E - U = (- 13.6 eV) - (- 27.2 eV) = 13.6 eV. 


46. Conservation of linear momentum of the atom-photon system requires that 


hf 


i — d — > tn v — - 

recoil í^photon p recoil ^ 


where we use Eq. 39-7 for the photon and use the classical momentum formula for the 
atom (since we expect its speed to be much less than c). Thus, from Eq. 39-6 and Table 
37-3, 

AE _ E A — E l (-13.6eV)(4- 2 -r 2 ) 


^recoil 


m p c (m p c 2 )/c (938xl0 6 eV)/(2.998xl0 8 m/s) 


= 4.1 m/s 


47. The radial probability function for the ground state of hydrogen is 

P(r) = (4r 2 /a 3 )e- 2r/a , 

P(r)dr. 

0 

Eq. 15 in the integral table of Appendix E is an integral of this form. We set n = 2 and 
replace a in the given formula with 21a and x with r. Then 

r P (r)dr = — r r 2 e- 2rla dr = = X 

k nr)ãr a 3j 0 re a 3 (2 / a) 3 


48. (a) Since E 2 = - 0.85 eV and E x = - 13.6 eV + 10.2 eV = - 3.4 eV, the photon energy 
is 

£ P hoton = E 2 -E l =- 0.85 eV - (- 3.4 eV) = 2.6 eV. 


(b) From 


we obtain 


£ 2 -£ t = (-13.6eV) 


1 _ 2.6 eV 
n\ ~ 13.6eV 



1 







) 


3_ 

16 


= 2.6 eV 


1 1 


Thus, «2 = 4 and m = 2. So the transition is from the n = 4 state to the n = 2 state. One can 
easily verify this by inspecting the energy levei diagram of Fig. 39-18. Thus, the higher 
quantum number is n 2 = 4. 


(c) The lower quantum number is ti\ = 2. 


49. (a) y/210 is real. Squaring it, we obtain the probability density: 


f 2 


^210W=I^210| 2 (W) = 


e^ /fl cos 2 6» 


iA7ir 2 ) = ^—e- rla cos 2 8. 
8a 5 


(b) Each of the other functions is multiplied by its complex conjugate, obtained by 
replacing i with - i in the function. Since e ^ = e° = 1, the result is the square of the 
function without the exponential factor: 


64rar 


and 


l^2i-i |2 =77-^ e ^ SÍn2 ^ 
64na 


The last two functions lead to the same probability density: 


f 2 


64na 5 


-e- rla ún 2 6 


\ 4 

(W) = - ? — e^ /fl sin 2 #. 
16a 5 


(c) The total probability density for the three states is the sum: 


P 210 (r) + P 2M (r) + P 2W (r) = (l ^ 210 I 2 + 1 ^ 21+1 I 2 + 1 ^ I 2 ) {Anr 2 ) 


—ria 


8a 


cos 2 # + — sin 2 6 + — sin 2 # 


-ria 


8a 5 


2 2 

The trigonometric identity cos 6 1 + sin 6* = 1 is used. We note that the total probability 
density does not depend on 6ox 0; it is spherically symmetric. 


50. From Sample Problem 39-8, we know that the probability of finding the electron in 
the ground state of the hydrogen atom inside a sphere of radius r is given by 


p{r) = \-e- 2x (\ + 2x + 2x 2 ) 


where x = ria. Thus the probability of finding the electron between the two shells 
indicated in this problem is given by 


p(a < r < 2a) = p(2a) - p(a) = l-e~ 2x (l + 2x + 2x 2 ) - \-e~ 2x (\ + 2x + 2x 2 ) 
= 0.439. 


51. Since Ar is small, we may calculate the probability using p = P(r) Ar, where P(r) is 
the radial probability density. The radial probability density for the ground state of 
hydrogen is given by Eq. 39-44: 


P(r) = 


-Iria 


V" J 


where a is the Bohr radius. 


(a) Here, r = 0.500a and Ar = 0.010a. Then, 

e 2w« =4 (o.500) 2 (0.010)e 1 =3.68x10 3 «3.7x10 3 . 


P = 


V a J 


(b) We set r = 1.00a and Ar = 0.010a. Then, 

P = }l!±L\ e ~ 2rla = 4(1.00) 2 (0.010)e~ 2 = 5.41xl0~ 3 «5.4xl0~ 3 . 


v a ) 


52. Using Eq. 39-6 and hc = 1240 eV • nm, we find 


AE = E v hoton = *£ = 1240 £V - nm = 12.09 eV. 
photon Ã 106.6 nm 

Therefore, n\ ow = 1, but what precisely is Hhigh? 

13.6eV 13.6eV ^ ^ Tr 

E hl&h =E iov +AE => — = ^ + 12.09eV 

n 1 

which yields n = 3. Thus, the transition is from the n = 3 to the n = 1 state. 

(a) The higher quantum number is n = 3. 

(b) The lower quantum number is n = 1 . 

(c) Referring to Fig. 39-18, we see that this must be one of the Lyman series transitions. 


2 

53. According to Fig. 39-25, the quantum number n in question satisfies r = n a. Letting r 
= 1.0 mm, we solve for n: 


2 

54. (a) The plot shown below for I^oo0")l is to be compared with the dot plot of Fig. 
39-22. We note that the horizontal axis of our graph is labeled "r," but it is actually ria 
(that is, it is in units of the parameter a). Now, in the plot below there is a high central 
peak between r = 0 and r ~ 2a, corresponding to the densely dotted region around the 
center of the dot plot of Fig. 39-22. Outside this peak is a region of near-zero values 
centered at r = 2a, where ^200 = 0. This is represented in the dot plot by the empty ring 
surrounding the central peak. Further outside is a broader, flatter, low peak which reaches 
its maximum value at r = 4a. This corresponds to the outer ring with near-uniform dot 
density which is lower than that of the central peak. 


0.04 H 



(b) The extrema of yf(r) for 0 < r < co may be found by squaring the given function, 
differentiating with respect to r, and setting the result equal to zero: 


1 (r-2a)(r-4a)_ e _ r/a =Q 


32 


a 6 n 


which has roots at r = 2a and r = 4a. We can verify directly from the plot above that r = 
4a is indeed a local maximum of ys 2 2QQ (r). As discussed in part (a), the other root (r = 2a) 
is a local minimum. 

(c) Using Eq. 39-43 and Eq. 39-41, the radial probability is 


P 2QQ (r) = 4nr 2 y/ 2 2QQ (r) = 


2 í \ 

Í2--1 
V a) 


-ria 


(d) Let x = ria. Then 


[P 2m (r)dr = l 


00 f 


0 Sa' 


M 

V a) 


e - rla dr = - r x 2 (2-x) 2 e- x dx = Í°°(jc 4 -4x 3 + 4x 2 )e 

8 Jo Jo 


dx 


1 


= -[4!-4(3!) + 4(2!)] = l 
8 


J.CO 
x n e x dx = n \ . 
0 


55. The radial probability function for the ground state of hydrogen is 

P(r) = (4r 2 /a 3 )e- 2rla , 

where a is the Bohr radius. (See Eq. 39-44.) The integral table of Appendix E may be 

rP(r) dr. Setting n = 3 and replacing a in the given 

o 

formula with 21a (and x with r), we obtain 


Íoo 4 r°° i i / 4 6 


2 3 

56. We can use the mc value for an electron from Table 37-3 (511 x 10 eV) and hc = 
1240 eV • nm by writing Eq. 39-4 as 


r n 2 h 2 n\hcj 
E,, = ■ 


" SmL 2 S(mc 2 )L 2 


(a) With L = 3.0 x 10 9 nm, the energy difference is 


1240 2 


E 2 -E l = — M 2 - 1 2 ) = 1.3 x IO" 19 eV. 

8(511xl0 3 )(3.0xl0 9 ) 


(b) Since (ti + l) 2 - n = 2n + 1, we have 


Setting this equal to 1.0 eV, we solve for n: 

4(mc 2 )L 2 AE \ 4(511xl0 3 eV) (3.0xl0 9 nm) 2 (l.OeV) i 
(hc) 2 2 (l240eV-nm) 2 2~ 

(c) At this value of n, the energy is 

E n = — f (6 x 10 18 f * 6 x IO 18 eV. 

8(511xl0 3 )(3.0xl0 9 ) 


2x10 


19 


Thus, 


E. 6xlO"eV 


n 


mc 2 511xl0 3 eV 


(d) Since E n I mc 2 » 1 , the energy is indeed in the relativistic range. 


57. (a) and (b) Schrõdinger's equation for the region x > L is 


where £ - Uq < 0. If y/ 2 (x) = Ce 2kx , then x/Kx) = Ce' kx , where C is another constant 
satisfying C 2 = C. Thus, 

^X = Ak 2 Ce^=Ak 2 ¥ 
dx 2 

and 

rfV , 8TC 2 ra r , 2 87r 2 m r , 
This is zero provided that fc 2 = ^ 2 [t/ 0 - £]. 


The quantity on the right-hand side is positive, so k is real and the proposed function 
satisfies Schrõdinger' s equation. If k is negative, however, the proposed function would 
be physically unrealistic. It would increase exponentially with x. Since the integral of the 
probability density over the entire x axis must be finite, y/ diverging as x — > co would be 
unacceptable. Therefore, we choose 


k=—pm(U 0 -E)>0. 


58. (a) and (b) In the region 0 < x < L, Uo = 0, so Schrõdinger's equation for the region is 


d yr Sn m ^ 


where E > 0. If y? (x) = B sin kx, then y/ (x) = B' sin kx, where B' is another constant 


2 

satisfying B' =B. Thus, 


d yr 

~dx 2 

and 


= -k 2 B' sin kx = -k z y/(x) 


d 2 ys Sn 2 m _ , 2 87t 2 m _ 
— T + —^Ey/ = -k y/ + —^Ey/. 
dx n n 


This is zero provided that 

2 _ Sn 2 mE 
h 2 


The quantity on the right-hand side is positive, so k is real and the proposed function 
satisfies Schrõdinger' s equation. In this case, there exists no physical restriction as to the 

sign of k. It can assume either positive or negative values. Thus, k = ±—^2mE. 

h 


59. (a) The allowed values of £ for a given n are 0, 1, 2, n - 1. Thus there are n 
different values of £ . 

(b) The allowed values of m e for a given ^ are -í + 1, ^ . Thus there are 21 + 1 
different values of m t . 

(c) According to part (a) above, for a given n there are n different values of t . Also, each 
of these £ 's can have 21 + 1 different values of m e [see part (b) above]. Thus, the total 

number of m e ' s is 

£(2* + l) = n 2 . 


2 2 2 

60. (a) The allowed energy values are given by E„ = n h /SmL . The difference in energy 
between the state n and the state n + 1 is 


A£ adj = E n+1 - 


E n =[(n + lf 


-n 


2 i h 2 _(ln + \)h 2 


■ 8mL 2 8mL 2 


and 


E 


adj _ 


(2n + 1)/? 2 í 8mL 2 ^)_ 2n + l 
8mL 2 l n 2 h 2 ) n 


As n becomes large, 2n + 1 — > 2n and (2n + 1) /, 


n 2 — > 2n/n 2 = 2/n. 


(b) No. As n — > co, AE 1 ^ and £ do not approach 0, but AE^/E does. 

(c) No. See part (b). 

(d) Yes. See part (b). 

(e) AEadj/5" is a better measure than either AE^dj or E alone of the extent to which the 
quantum result is approximated by the classical result. 


61. FromEq. 39-4, 


J n+2 


E„ = 


v 8mL : j 


(n + 2f 


v 8mL : j 


2 

n = 


y2mL j 


(n + 1). 


62. For n = 1 


me 4 Í9.1 lxl(T 31 kg)(l. 6x10 - l9 C) 
E - e - i zll L = -13.6eV 

8 # 8(8.85xlO" 12 F/m) 2 (6.63xlO" 34 J-s) 2 (1.60x10 19 J/eV) 


63. (a) We recall that a deriv ative with respect to a dimensional quantity carries the 
(reciprocai) units of that quantity. Thus, the first term in Eq. 39-18 has dimensions of y/ 
multiplied by dimensions of x 1 . The second term contains no derivatives, does contain y/, 
and involves several other factors that turn out to have dimensions of x : 

h WJ (j-s) 2L J 

2 2 

assuming SI units. Recalling from Eq. 7-9 that J = kg-m /s , then we see the above is 

— 2 — 2 

indeed in units of m (which means dimensions of x ). 

— 1 /? 

(b) In one-dimensional Quantum Physics, the wave function has units of m as Sample 
Problem 39-2 shows. Thus, since each term in Eq. 39-18 has units of ^multiplied by 
units of x~ 2 , then those units are nf 112 ■ m 2 = m -2,5 . 


64. (a) The "home-base" energy levei for the Balmer series is n = 2. Thus the transition 
with the least energetic photon is the one from the n = 3 levei to the n = 2 levei. The 
energy difference for this transition is 


AE = E 3 -E 2 =-(!3.6eV) 


— -— ' 

3 2 2 2 y 


= 1.889 eV 


Using hc = 1240 eV • nm, the corresponding wavelength is 


hc 1240eV-nm rcn 

K = = = 658 nm 

AE 1.889 eV 


(b) For the series limit, the energy difference is 


AE = E oc -E 2 =-(!3.6eV) 


1 _ 1 


= 3.40 eV 


hc 1240eV-nm 

The corresponding wavelength is then X = = = 366 nm 

AE 3.40 eV 


1. (a) Using Table 40-1, we find í = [m e ] max = 4. 

(b) The smallest possible value of n is n = l max +1 >i +1 = 5. 

(c) As usual, m s = ±\ , so two possible values. 


2. (a) For í = 3 , the greatest value of m, is m t = 3 . 

(b) Two states ( m s = ± \ ) are available for «1^=3. 

(c) Since there are 7 possible values for m t : +3, +2, +1, 0, - 1, - 2, - 3, and two possible 
values for m s , the total number of state available in the subshell £ = 3 is 14. 


3. (a) For a given value of the principal quantum number n, the orbital quantum number 
i ranges from 0 to n - 1. For n = 3, there are three possible values: 0, 1, and 2. 

(b) For a given value of l , the magnetic quantum number m ( ranges from -£ to +£ . For 
1 = 1, there are three possible values: - 1, 0, and +1. 


4. For a given quantum number ^there are (2£+ 1) different values of m t . For each 
given m í the electron can also have two different spin orientations. Thus, the total 
number of electron states for a given l is given by N t = 2(2 £+ 1). 

(a) Now l = 3, so N f = 2(2 x 3 + 1) = 14. 

(b) In this case, £=l, which means N f = 2(2 x 1 + 1) = 6. 

(c) Here l = 1, so = 2(2 x 1 + 1) = 6. 

(d) Now £= 0, so ^ = 2(2 x 0 + 1) = 2. 


5. (a) We use Eq. 40-2: 

L = Je(e + l)h = ^3(3 + 1) (l.055xl0~ 34 J-s) = 3.65x10 
(b) We use Eq. 40-7: L z = mfi . For the maximum value of L z set m f 
\L 1 =a = 3(l.055xl0" 34 J-s) = 3.16xl0" 34 J-s. 

L Z J m ax \ / 


6. For a given quantum number n there are n possible values of £ , ranging from 0 to 
n - 1. For each £ the number of possible electron states is N f = 2(2 £ + 1). Thus, the 
total number of possible electron states for a given n is 

^=1 ^ =2§ (2^ + l) = 2n 2 . 

;=o /=o 

(a) In this case n = 4, which implies iV„ = 2(4 ) = 32. 

(b) Now n = 1, so N n = 2(1 2 ) = 2. 

(c) Here n = 3, and we obtain N„ = 2(3 2 ) = 18. 

(d) Finally, n = 2 -> N n = 2(2 2 ) = 8 . 


7. The magnitude L of the orbital angular momentum L is given by Eq. 40-2: 
L = ^£(1 + Y)h . On the other hand, the components L v are L 7 = m f h , where m t =-£,... + £. 
Thus, the semi-classical angle is cos 6 = L z l L . The angle is the smallest when m = l , or 

ífi 

cos 9 = —, =í> # = cos 



With £ = 5,wehave 6 = cos -1 (5/ VãÕ) = 24.1°. 


8. For a given quantum number n there are n possible values of £ , ranging from 0 to n-1 . 
For each £ the number of possible electron states is N t = 2(2 £ + 1). Thus the total 
number of possible electron states for a given n is 

1=0 c=o 

2 2 

Thus, in this problem, the total number of electron states is N„ = 2n = 2(5) = 50. 


9. Since L 2 = L 2 X + L 2 y + L 2 Z ,^L 2 X + L 2 y = J L 2 - L 2 . Replacing L 2 with l{l + \)ti 2 and L z 
with m e ti , we obtain 

^L 2 x + L 2 y =ti^£{£ + l)-m 2 t . 


For a given value of £ , the greatest that m f can be is £ , so the smallest that y L 2 + Ú y 
can be is The smallest possible magnitude of m f is zero, so the 

largest ^L 2 X + Ú y can be is + 1) . Thus, 

fiV^ < ^ + 4 ^ £(£ + !) . 


10. (a) For n = 3 there are 3 possible values of £ : 0, 1, and 2. 

(b) We interpret this as asking for the number of distinct values for m e (this ignores the 
multiplicity of any particular value). For each £ there are 21 + 1 possible values of m ( . 
Thus the number of possible m's for £ = 2 is (2£ + 1) = 5. Examining the £ = 1 and 
£ = 0 cases cannot lead to any new (distinct) values for m t , so the answer is 5. 

(c) Regardless of the values of n, £ and m t , for an electron there are always two possible 
values of m s :±\. 

(d) The population in the n = 3 shell is equal to the number of electron states in the shell, 
or2n 2 = 2(3 2 )= 18. 


(e) Each subshell has its own value of £ . Since there are three different values of £ for n 
= 3, there are three subshells in the n = 3 shell. 


1 1. (a) For l = 3 , the magnitude of the orbital angular momentum is 


L = ^£(£+i)h= ^3{3+\)n = ^lnn. 


So the multiple is VÍ2 «3.46. 


(b) The magnitude of the orbital dipole moment is 


/^orb — 


^£{£ + \)m b = VÍ2// 


So the multiple is VÍ2 «3.46. 


(c) The largest possible value of m ( is m t =£ = 3. 

(d) We use L z = m f h to calculate the z component of the orbital angular momentum. The 
multiple is m t = 3 . 

(e) We use ju z = -m t /u B to calculate the z component of the orbital magnetic dipole 
moment. The multiple is -m t = -3 . 



or # = 30.0°. 


(g)For £ = 3 and m, = 2, we have cos0 = 21 VÍ2 = \l S , or 0 = 54.1° . 


(h) For £ = 3 and m t = 


-3, cos# = -3/VÍ2=-V3/2,or 0 = 150°. 


12. The angular momentum of the rotating sphere, L sphere , is equal in magnitude but in 

opposite direction to L atom , the angular momentum due to the aligned atoms. The number 
of atoms in the sphere is 

XT N A m 

M 

where N A = 6. 02 x IO 23 /mol is the Avogadro' s number and M = 0.0558 kg/mol is the 
molar mass of iron. The angular momentum due to the aligned atoms is 

K om = O.Í2N(mh) = 0.12^- . 

On the other hand, the angular momentum of the rotating sphere is (see Table 10-2 for /) 

^2 


Sphere = 1(0 = 


-mR 2 


co . 


v5 

Equating the two expressions, the mass m cancels out and the angular velocity is 

qj-0 12 5NaH -0 12 5(6-02 X 1Q23 ' mol) ( 6 - 63 x 10 ' 34 J " s/2;r ) 
C °~ ' 4MR 2 ~ ' 4(0.0558 kg/mol)(2.00x IO" 3 m) 2 . 

= 4.27xl0" 5 rad/s 


13. The magnitude of the spin angular momentum is S = ^(í + l)/z = {Jò/l^Ti , where 
s = \ is used. The z component is either S z = %/2 or -h/2 . 


(a) If S z = +h/2 the angle ^between the spin angular momentum vector and the positive 
z axis is 


í ç \ 


# = COS 


= cos 


V ^ J 


i— 


= 54.7 C 


(b) If S z = -H/2 , the angle is 6= 180° - 54.7° = 125.3° « 125°. 


14. (a) From Fig. 40-10 and Eq. 40-18, 


2(9.27 x IO" 24 J/T)(0.50T) 
1.60x10 19 J/eV 


AE = 2ju B B = — _ 19t a _ = 58 //eV 


(b) From AE = hfwe. get 


AE = 9.27X10-J =L4xl0 .„ Hz = 14OHz 
h 6.63x10 34 J-s 


(c) The wavelength is 


c 2.998 x IO 8 m/s 


X = — = — 77 — — = 2. lcm. 

/ 1.4xl0 10 Hz 


(d) The wave is in the short radio wave region. 


15. The acceleration is 

F _ {ju cos 0)(dB/dz) 
a ~ M ~ M 

where M is the mass of a silver atom, /u is its magnetic dipole moment, B is the magnetic 
field, and 6 is the angle between the dipole moment and the magnetic field. We take the 
moment and the field to be parallel (cos 6=1) and use the data given in Sample Problem 
40-1 to obtain 

( 9.27 x 1(T 24 J/T )(l .4 x 10 3 T/m) 


16. (a)FromEq. 40-19, 


F = ju l 


dB 

dz 


= (9.27 x IO" 24 J/T)(l.6 x IO 2 T/m) = 1.5 x 1(T 21 N 


(b) The vertical displacement is 


Ax = — at = 


1.5xlQ' 21 N 
1.67x10 27 kg 


0.80m 
1.2xl0 5 m/s 


= 2.0xl0~ 5 m. 


17. The energy of a magnetic dipole in an externai magnetic field B is 
U = -Ji-B = -/u z B , where Ji is the magnetic dipole moment and /u z is its component 
along the field. The energy required to change the moment direction from parallel to 
antiparallel is AE = AU = 2ju z B. Since the z component of the spin magnetic moment of 
an electron is the Bohr magneton /u B , 

A£ = 2// B fl = 2(9.274xl0- 24 J/T)(0.200T)= 3.71xl(T 24 J . 
The photon wavelength is 


18. We let AE = 2// B 5 eff (based on Fig. 40-10 and Eq. 40-18) and solve for 5 eff : 

AE hc 1240nm-eV C1 ^ 

B „ = = = — — = 51 ml . 

2ju B 2Xju B 2(21xl0" 7 nm)(5.788xl0" 5 eV/T) 


19. The total magnetic field, B = 5i oca i + B ext , satisfies AE = hf= 2juB (see Eq. 40-22). 
Thus, 


hf f 6.63 x 1CT 34 J • s)( 34 x IO 6 Hz) 

Aocai = — " 5 e Xt = " 7 \k \ " " 0-78 T = 19 mT 

2// ext 2(l.41 x 10 j/t) 


20. Due to spin degeneracy (m s =±1/2), each state can accommodate two electrons. 
Thus, in the energy-level diagram shown (Fig. 40-24), two electrons can be placed in the 
ground state with energy E l = A(h 2 /SmL 2 ) , six can occupy the "triple state" with 

E 2 = 6(h 2 /SmL 2 ) , and so forth. With 11 electrons, the lowest energy configuration 
consists of two electrons with E l = A(h 2 /SmL 2 ) , six electrons with E 2 = 6(h 2 l%mÚ) and 
three electrons with E 3 =l(h 2 l%mÚ) . Thus, we find the ground-state energy of the 11- 
electron system to be 


E smuná =2E l+ 6E 2 +3E 3 =2 


r Ah 2 ^ 
8mL 2 


+ 6 


f 6h 2 ^ 


v 


8mL 2 


+ 3 


J 


f Ih 2 N 
8mL 2 


= [(2)(4) + (6)(6) + (3)(7)] 


= 65 


The first excited state of the 11-electron system consists of two electrons with 
E l = 4(/z 2 / '8mL 2 ) , five electrons with E 2 = 6(h 2 /SmL 2 ) and four electrons with 

E 3 = l(h 2 /SmL 2 ) . Thus, its energy is 


E utatM = 2E l +5E 2 +4E 3 =2 


( Ah 2 


+ 5 

f 6h 2 


+ 4 

< Ih 2 \ 






v 8mL 2 

J 


^8mL 2 

J 


y 8mL 2 


= [(2)(4) + (5)(6) + (4)(7)] 


V 8m/J j 


66 


V 8m/J j 


Thus, the multiple of h 2 /SmL 2 is 66. 


21. Because of the Pauli principie (and the requirement that we construct a state of lowest 
possible total energy), two electrons fill the n = 1, 2, 3 leveis and one electron occupies 
the n = 4 levei. Thus, using Eq. 39-4, 


E g[0and =2E l +2E 2 + 2E 3 +E 4 


= 2 


h 2 * 
8mL 2 


(l) 2 + 2 


= (2 + 8 + 18 + 16) 


y 8mL 2 y 

2 A 


(2) 2 +2 


Ir 


K %mL j 


= 44 


■ h 2 ' 
^8mL 2 

2 A 


(3) 2 + 


fr 2 ^ 
8mL 2 


(4)= 


v 8mL / y 


Thus, the multiple of h 2 l%mÚ is 44. 


22. Using Eq. 39-20 we find that the lowest four leveis of the rectangular corral (with this 
specific "aspect ratio") are non-degenerate, with energies £14 = 1.25, £1,2 = 2.00, £1,3 = 
3.25, and £2,1 = 4.25 (ali of these understood to be in "units" of h 2 /8mL 2 ). Therefore, 
obeying the Pauli principie, we have 

£ grou „d = 2£ u + 2E h2 + 2E h3 + E 2 , = 2(1.25) + 2(2.00) + 2(3.25) + 4.25 

which means (putting the "unit" factor back in) that the lowest possible energy of the 
system is £g r ound = 17.25(/z 2 /8mL 2 ). Thus, the multiple of h 2 /8mL 2 is 17.25. 


23. (a) Promoting one of the electrons (described in Problem 40-21) to a not-fully 
occupied higher levei, we find that the configuration with the least total energy greater 
than that of the ground state has the n = 1 and 2 leveis still filled, but now has only one 
electron in the n = 3 levei; the remaining two electrons are in the n = 4 levei. Thus, 


E BMaáSíá =2E l + 2E 2 + E 3 +2E i 


= 2 


' h 2 
SmL 2 


(l) 2 + 2 


h 2 
SmL 2 


+ 


h 2 

SmL 2 


(3) 2 + 2 


h 2 x 
SmL 2 


(4)= 


= (2 + 8 + 9 + 32) 


h 2 ' 
8mL 2 


= 51 


' h 2 " 
SmL 2 


Thus, the multiple of h 2 /SmL 2 is 51. 

(b) Now, the configuration which provides the next higher total energy, above that found 
in part (a), has the bottom three leveis filled (just as in the ground state configuration) and 
has the seventh electron occupying the n = 5 levei: 


E second excited — 2E l +2E 2 + 2E 3 +E 5 


= 2 


(l) 2 +2 


f h 2 ^ 


\SmL j 


= (2 + 8 + 18 + 25) 


f h 2 
SmL 2 


(2) +2 
= 53 


f h 2 ^ 


\SmL j 


(3) 2 + 


( 1.2 \ 


K SmL j 


f h 2 ^ 


SmL 2 


Thus, the multiple of h 2 /SmL 2 is 53. 

(c) The third excited state has the n = 1, 3, 4 leveis filled, and the n = 2 levei half-filled: 


^third excited ~ 2E { + E 2 + 2E 3 +2E ^ 


= 2 


K SmL j 


« 2 + 


= (2 + 4 + 18 + 32) 


' h 2 ' 
SmL 2 

f h 2 ^ 
SmL 2 


(2) 2 +2 
= 56 


' h 2 
SmL 2 


( h 2 ^ 


(3) 2 +2 


sSmL j 


(4) ! 


ySmL 2 j 


Thus, the multiple of h 2 /SmL 2 is 56. 


(d) The energy states of this problem and Problem 40-21 are suggested in the sketch 
below: 

third excited 56(/z 2 /8mL 2 ) 

2 2 

second excited 53(h /8mL ) 

first excited 51(h 2 /SmL 2 ) 

ground state 44(/z 2 /8mL 2 ) 


24. (a) Using Eq. 39-20 we find that the lowest five leveis of the rectangular corral (with 
this specific "aspect ratio") have energies £1,1 = 1.25, £1,2 = 2.00, £1,3 = 3.25, £2,1 = 4.25, 
and £2,2 = 5.00 (ali of these understood to be in "units" of h 2 /SmL 2 ). It should be noted 
that the energy levei we denote £2,2 actually corresponds to two energy leveis (£2,2 and 
£1,4; they are degenerate), but that will not affect our calculations in this problem. The 
configuration which provides the lowest system energy higher than that of the ground 
state has the first three leveis filled, the fourth one empty, and the fifth one half-filled: 

E** exc lted = 2£ u + 2£ u + 2£ u + E 2a = 2(1.25) + 2(2.00) + 2(3.25) + 5.00 

which means (putting the "unit" factor back in) the energy of the first excited state is 
£first excited = 18.00(/* 2 /8mL 2 ). Thus, the multiple of h 2 /SmL 2 is 18.00. 

(b) The configuration which provides the next higher system energy has the first two 
leveis filled, the third one half-filled, and the fourth one filled: 

^secondexcited = 2£ u + 2£ u + £ u + 2£ 2>1 = 2(l.25) + 2(2.00) + 3.25 + 2(4.25) 

which means (putting the "unit" factor back in) the energy of the second excited state is 
£ S econd excited = 18.25(/z 2 /8m£ 2 ). Thus, the multiple of h 2 /SmL 2 is 18.25. 

(c) Now, the configuration which provides the next higher system energy has the first two 
leveis filled, with the next three leveis half-filled: 

£ todexcUed =2£ u + 2£ u + £ u + £ 21 + £ 2 , 2 =2(l.25) + 2(2.00) + 3.25 + 4.25 + 5.00 

which means (putting the "unit" factor back in) the energy of the third excited state is 
£third excited = 19.00(/i 2 /8m£ 2 ). Thus, the multiple of h 2 ISmL 2 is 19.00. 

(d) The energy states of this problem and Problem 40-22 are suggested in the sketch 
below: 

third excited 19.00(/z 2 /8mL 2 ) 


second excited 18.25(/z 2 /8m£ 2 ) 
first excited 18.00(/z 2 /8m£ 2 ) 


ground state 17.25(/z 2 /8mL 2 ) 


25. In terms of the quantum numbers n x , n y , and n z , the single-particle energy leveis are 
given by 

The lowest single-particle levei corresponds to n x = 1, n y = 1, and n z = 1 and is E\ \ \ = 
3(h /SmL ). There are two electrons with this energy, one with spin up and one with spin 
down. The next lowest single-particle levei is three-fold degenerate in the three integer 
quantum numbers. The energy is 

Ei,i,2 = #1,2,1 = #2,1,1 = 6(/* 2 /8mL 2 ). 

Each of these states can be occupied by a spin up and a spin down electron, so six 
electrons in ali can occupy the states. This completes the assignment of the eight 
electrons to single-particle states. The ground state energy of the system is 

£ gr = (2)(3)(/* 2 /8mL 2 ) + (6)(6)(/* 2 /8mL 2 ) = 42(h 2 /SmL 2 ). 
Thus, the multiple of h 2 /SmL 2 is 42. 


26. The energy leveis are given by 


Sm 


1 2 1 

nt n y n 2 


7 + 
, L L L , 


SmL 


(2 2 2\ 

n x +n y +n z)- 


The Pauli principie requires that no more than two electrons be in the lowest energy levei 

2 2 

(at 2si,i,i = 3(h /SmL ) with n x = n y = n z = 1), but — due to their degeneracies — as many 
as six electrons can be in the next three leveis 

E' = E lX2 = #1,2,1 = #2,1,1 = 6(h 2 /SmL 2 ) 
E" = E lX2 = E 2Xl = E 2X2 = 9(h 2 /SmL 2 ) 
E'" = E lX3 = E lxl = £ 3 ,i,i = 1 \{h 2 ISmL 2 ). 

Using Eq. 39-21, the levei above those can only hold two electrons: 

#2,2,2 = (2 2 + 2 2 + 2 2 )(h 2 ISmL 2 ) = l2(h 2 /SmL 2 ). 

And the next higher levei can hold as much as twelve electrons (see part (e) of Problem 
39-26) and has energy E"" = U{h 2 ISmL 2 ). 

(a) The configuration which provides the lowest system energy higher than that of the 
ground state has the first levei filled, the second one with one vacancy, and the third one 
with one occupant: 

# firstexate d = 2E W +5E' + E" = 2(3) + 5(6) + 9 

which means (putting the "unit" factor back in) the energy of the first excited state is 
#first excited = 45(h 2 /SmL 2 ). Thus, the multiple of h 2 /SmL 2 is 45. 

(b) The configuration which provides the next higher system energy has the first levei 
filled, the second one with one vacancy, the third one empty, and the fourth one with one 
occupant: 

Second excted = + 5# ' + # " = 2(3) + 5(6) + 1 1 

which means (putting the "unit" factor back in) the energy of the second excited state is 
#second excited = 47(/z 2 /8mL 2 ). Thus, the multiple of h 2 /SmL 2 is 47. 

(c) Now, there are a couple of configurations which provide the next higher system 
energy. One has the first levei filled, the second one with one vacancy, the third and 
fourth ones empty, and the fifth one with one occupant: 


#tM rd excited = 2E lxl + 5E ' + E ' " = 2(3) + 5(6) + 1 2 


which means (putting the "unit" factor back in) the energy of the third excited state is 

2 2 2 2 

£third excited = 48(/z /8mL ). Thus, the multiple of h /SmL is 48. The other configuration 
with this same total energy has the first levei filled, the second one with two vacancies, 
and the third one with one occupant. 

(d) The energy states of this problem and Problem 40-25 are suggested in the following 
sketch: 

third excited 48(/* 2 /8mL 2 ) 

second excited 41(h 2 /SmL 2 ) 


first excited 45(/z 2 /8mL 2 ) 


ground state 42(/z 2 /8mL 2 ) 


27. The total number of possible electron states for a given quantum number n is 

tf„=Z *< = 2 Z (2^ + 1) = 2n 2 . 

Thus, if we ignore any electron-electron interaction, then with 110 electrons, we would 
have two electrons in the n = 1 shell, eight in the n = 2 shell, 18 in the n = 3 shell, 32 in 
the n = 4 shell, and the remaining 50 ( = 110-2-8-18-32) in the n = 5 shell. The 50 
electrons would be placed in the subshells in the order s, p,d, f , g,h,... and the resulting 
configuration is 55 2 5p 6 5<i 10 5/ 14 5^ 18 . Therefore, the spectroscopic notation for the 
quantum number l of the last electron would be g. 

Note, however, when the electron-electron interaction is considered, the ground-state 
electronic configuration of darmstadtium actually is [Rn]5/ 14 6J 9 75' , where 

[Rn]:h 2 2s 2 2p 6 3s 2 3p 6 3d w 4s 2 4p 6 4d 10 4f l4 5s 2 5p 6 5d l0 6s 2 6p 6 

represents the inner-shell electrons. 


28. When a helium atom is in its ground state, both of its electrons are in the Is state. 
Thus, for each of the electrons, n = 1, £ = 0, and m, = 0. One of the electrons is spin up 

(m s = +y) while the other is spin down (m s = -y) • Thus, 

(a) the quantum numbers (n,£,m e ,m s ) for the spin-up electron is (l,0,0,+l/2), and 

(b) the quantum numbers (n,£,m t ,m s ) for the spin-down electron is (1,0,0,-1/2). 


29. The first three shells (n = 1 through 3), which can accommodate a total of 2 + 8 + 18 
= 28 electrons, are completely filled. For selenium (Z = 34) there are still 34 - 28 = 6 
electrons left. Two of them go to the 4s subshell, leaving the remaining four in the 
highest occupied subshell, the 4p subshell. 

(a) The highest occupied subshell is 4p. 

(b) There are four electrons in the 4p subshell. 

For bromine (Z = 35) the highest occupied subshell is also the 4p subshell, which 
contains five electrons. 

(c) The highest occupied subshell is 4p. 

(d) There are five electrons in the 4p subshell. 

For krypton (Z = 36) the highest occupied subshell is also the 4p subshell, which now 
accommodates six electrons. 

(e) The highest occupied subshell is 4p. 

(f) There are six electrons in the 4p subshell. 


30. (a) The number of different m t 's is 2£ + 1 = 3, ( m f =1,0,-1) and the number of 

different m ç 's is 2, which we denote as +1/2 and -1/2. The allowed states are 

(m n ,m sl ,m n ,m s2 )= (1, +1/2, 1, -1/2), (1, +1/2, 0, +1/2), (1, +1/2, 0, -1/2), (1, +1/2, -1, 

+1/2), (1, +1/2,-1,-1/2), (1,-1/2, 0, +1/2), (1,-1/2, 0,-1/2), (1,-1/2,-1, +1/2), 
(1, -1/2, -1, -1/2), (0, +1/2, 0, -1/2), (0, +1/2, -1, +1/2), (0, +1/2, -1, -1/2), (0, -1/2, -1, 
+ 1/2), (0, -1/2, -1, -1/2), ( -1, +1/2, -1, -1/2). So, there are 15 states. 

(b) There are six states disallowed by the exclusion principie, in which both electrons 
share the quantum numbers: (m n ,m sl ,m n ,m s2 )=(l, +1/2, 1, +1/2), (1, -1/2, 1, -1/2), (0, 

+1/2, 0, +1/2), (0, -1/2, 0, -1/2), (-1, +1/2, -1, +1/2), (-1, -1/2, -1, -1/2). So, if Pauli 
exclusion principie is not applied, then there would be 15 + 6 = 21 allowed states. 


31. (a) Ali states with principal quantum number n = 1 are filled. The next lowest states 
have n = 2. The orbital quantum number can have the values £ = 0 or 1 and of these, the 
£ = 0 states have the lowest energy. The magnetic quantum number must be m t = 0 since 

this is the only possibility if £ = 0 . The spin quantum number can have either of the 
values m s =-j or +j. Since there is no externai magnetic field, the energies of these 
two states are the same. Therefore, in the ground state, the quantum numbers of the third 
electron are either n = 2, £ = 0, m t =0,m s =-\ or n = 2, £ = 0, m f =0,m s = + \ . That is, 

(n,£,m i ,m s )= (2,0,0, +1/2) and (2,0,0, -1/2). 

(b) The next lowest state in energy is an n = 2, £ = 1 state. AU n = 3 states are higher in 
energy. The magnetic quantum number can be m f = -1, 0, or + 1; the spin quantum 

number can be m ç =-yor+y . Thus, (n,£,m f ,m^) = (2,1,1, +1/2), (2,1,1,-1/2), 

(2,l,0,+l/2), (2,1,0,-1/2), (2,l,-l,+l/2) and (2,1,-1,-1/2). 


32. For a given value of the principal quantum number n, there are n possible values of 
the orbital quantum number t , ranging from 0 to n - 1 . For any value of £ , there are 
2£ + l possible values of the magnetic quantum number m f , ranging from —i to + i . 

Finally, for each set of values of £ and m f , there are two states, one corresponding to the 

spin quantum number m s =-\ and the other corresponding to m s = +\ . Hence, the total 

number of states with principal quantum number n is 

n-l 

= 2^(2^ + 1). 

Now 

Y J 2£ = 2Y J £ = 2^{n-\) = n{n-\\ 

e=o e=o ^ 

since there are n terms in the sum and the average term is (n - 1)12. Furthermore, 

n-1 

(=0 


Thus N = 2[n(n - 1) + n] = 2n 2 


33. The kinetic energy gained by the electron is eV, where V is the accelerating potential 
difference. A photon with the minimum wavelength (which, because of E = hc/X, 
corresponds to maximum photon energy) is produced when ali of the electron' s kinetic 
energy goes to a single photon in an event of the kind depicted in Fig. 40-15. Thus, with 
/zc = 1 240 eV-nm, 

T7 hc 1240eV-nm , _ . w 

eV = = = 1.24 x 10 eV . 

0.10 nm 


Therefore, the accelerating potential difference is V = 1.24 x 10 V = 12.4 kV. 


34. (a) and (b) Let the wavelength of the two photons be Xi and X 2 = X i +AX. Then, 


hc hc -{AX/X 0 -2)±^yX~J^4 

ev = 1 => X, = . 

X l X l +AX 2/AX 

Here, AX= 130 pm and 

Xo = hc/eV = 1240 keV-pm/20 keV = 62 pm, 

where we have used hc = 1240 eV-nm = 1240 keV-pm. We choose the plus sign in the 
expression for X\ (since X\ > 0) and obtain 

-(I30pm/62pm- 2) + ^(I30pm/62pm) 2 + 4 
t _ 2/62 pm ~ Pm ' 

The energy of the electron after its first deceleration is 

^-j£ = 2 0 ke y- '^eV.pm =5 . 7keV . 
X 1 87 pm 

(c) The energy of the first photon is 

E|= ^ = 1240keV.pm = 14keV 
X { 87 pm 

(d) The wavelength associated with the second photon is 

X 2 =X l +AX = 87pm + 130pm = 2.2xl0 2 pm . 

(e) The energy of the second photon is 

jç = 1240h,V-pm = 
X 2 2.2xl0 2 pm 


35. The initial kinetic energy of the electron is K 0 = 50.0 keV. After the first collision, the 
kinetic energy is K\ = 25 keV; after the second, it is K2 = 12.5 keV; and after the third, it 
is zero. 

(a) The energy of the photon produced in the first collision is 50.0 keV - 25.0 keV = 
25.0 keV. The wavelength associated with this photon is 


where we have used hc = 1240 eV-nm. 

(b) The energies of the photons produced in the second and third collisions are each 
12.5 keV and their wavelengths are 


X = 


hc _ 1240eV-nm 
~Ê~ 25.0xl0 3 eV 


= 4.96x10 2 nm = 49.6 pm 


X = 


1240eV-nm 
12.5xl0 3 eV 


= 9.92x10 2 nm= 99.2 pm. 


36. With hc = 1240 eV-nm = 1240 keV-pm, for the K a line from iron, the energy 
difference is 

. „ hc 1240keV-pm r in . ^ 7 

AE = — = — = 6.42 keV. 

X 193pm 


We remark that for the hydrogen atom the corresponding energy difference is 


AE l2 = -(!3.6eV) 


1 _ 1 


= 10eV 


That this difference is much greater in iron is due to the fact that its atomic nucleus 
contains 26 protons, exerting a much greater force on the K- and L-shell electrons than 
that provided by the single proton in hydrogen. 


37. (a) The cut-off wavelength A,mi n is characteristic of the incident electrons, not of the 
target material. This wavelength is the wavelength of a photon with energy equal to the 
kinetic energy of an incident electron. With hc = 1240 eV-nm, we obtain 

, 1240eV-nm __, A __ 2 „_ Á 

X = 5 = 354 x 10 nm = 35.4 pm . 

mn 35xl0 3 eV F 


(b) A K a photon results when an electron in a target atom jumps from the L-shell to the 
ÃT-shell. The energy of this photon is 


£ = 25.51 keV- 3.56 keV = 21.95 keV 


and its wavelength is 


X Ka = hclE =(1240eV-nm)/(21.95 x 10 3 eV) = 5.65 x 10" 2 nm = 56.5 pm. 


(c) A Kp photon results when an electron in a target atom jumps from the M-shell to the 
JT-shell. The energy of this photon is 25.51 keV - 0.53 keV = 24.98 keV and its 
wavelength is 


X Kfi = (1240 eV-nm)/(24.98 x 10 3 eV) = 4.96 x IO" 2 nm = 49.6 pm. 


38. (a) We use e V=hc/X !mn (see Eq. 40-23 and Eq. 38-4). With hc = 1240 eV-nm 
1240 keV-pm, the mean value of Ã min is 

hc 1240keV-pm nAO 

X . = — = — = 24.8 pm . 

mn eV 50.0 keV F 


(b) The values of A, for the K a and Kp lines do not depend on the externai potential and are 
therefore unchanged. 


39. Suppose an electron with total energy E and momentum p spontaneously changes into 
a photon. If energy is conserved, the energy of the photon is E and its momentum has 
magnitude Ele. Now the energy and momentum of the electron are related by 

E 2 =(pcf +(mc 2 f => pc = ^E 2 -(mc 2 f . 

Since the electron has non-zero mass, Ele and p cannot have the same value. Hence, 
momentum cannot be conserved. A third particle must participate in the interaction, 
primarily to conserve momentum. It does, however, carry off some energy. 


40. Using hc = 1240 eV-nm = 1240 keV-pm, the energy difference El - Em for the x-ray 
atomic energy leveis of molybdenum is 

àE = Ei - Eu j£- j!l = 1240keV.pm_1240keV.p m = 22keV 
^ L A, M 63.0pm 71.0pm 


2 

41. Since the frequency of an x-ray emission is proportional to (Z - 1) , where Z is the 
atomic number of the target atom, the ratio of the wavelength k^b for the K a line of 
niobium to the wavelength À Ga for the K a line of gallium is given by 

w^ a =(z Ga -i)7(z Nb -i) 2 , 

where Z N b is the atomic number of niobium (41) and Z Ga is the atomic number of gallium 
(31). Thus, 

WX Ga =(30)7(40) 2 =9/16-0.563. 


42. From the data given in the problem, we calculate frequencies (using Eq. 38-1), take 
their square roots, look up the atomic numbers (see Appendix F), and do a least-squares 
fit to find the slope: the result is 5.02 x IO 7 with the odd-sounding unit of a square root of 
a Hertz. We remark that the least squares procedure also returns a value for the y- 
intercept of this statistically determined "best-fit" line; that result is negative and would 
appear on a graph like Fig. 40-17 to be at about - 0.06 on the vertical axis. Also, we can 
estimate the slope of the Moseley line shown in Fig. 40-17: 

(1.95-0.50)10'Hz'" e50xl07Hz ,„ 
40-11 

These are in agreement with the discussion in § 40-10. 


43. We use Eq. 36-31, Eq. 39-6, and hc = 1240 eV-nm = 1240 keV-pm. Letting 
2d sin 6 = mk = mhc I AE , where 0 = 74. 1 0 , we solve for d: 

mhc (l)(1240keV-nm) 

d = = — = 80.3 pm . 

2A£sin^ 2(8.979 keV- 0.95 lkeV)(sin 74.1°) 


44. (a) According to Eq. 40-26, / cc (Z - 1) 2 , so the ratio of energies is (using Eq. 38-2) 


/ _( z-r 
/' U'-i. 


(b) We refer to Appendix F. Applying the formula from part (a) to Z = 92 and Z' = 13, we 
obtain 


Z-l 
Z'-l 


92-1 
13-1 


= 57.5 


(c) Applying this to Z = 92 and Z' = 3, we obtain 


E f92-0 


E' 


3-1 


= 2.07 x 10 3 


45. (a) An electron must be removed from the Z-shell, so that an electron from a higher 
energy shell can drop. This requires an energy of 69.5 keV. The accelerating potential 
must be at least 69.5 kV. 


(b) After it is accelerated, the kinetic energy of the bombarding electron is 69.5 keV. The 
energy of a photon associated with the minimum wavelength is 69.5 keV, so its 
wavelength is 

1240eV-nm , „ 1rt _ 2 ,„ n 

A,. = = 1.78x10 nm = l7.8pm . 

mn 69.5xl0 3 eV F 

(c) The energy of a photon associated with the K a line is 69.5 keV -11.3 keV = 58.2 keV 
and its wavelength is 

X Ka = (1240 eV-nm)/(58.2 x 10 3 eV) = 2.13 x 10 _2 nm = 21.3 pm. 

(d) The energy of a photon associated with the Kp line is 

E = 69.5 keV - 2.30 keV = 67.2 keV 


and its wavelength is, using hc = 1240 eV-nm, 

X K p = hclE= (1240 eV-nm)/(67.2 x 10 3 eV) = 1.85 x IO" 2 nm= 18.5 pm. 


46. The transition is from n = 2 to n = 1, so Eq. 40-26 combined with Eq. 40-24 yields 


/ = 


m,e II 1 1 | 


ySs 2 0 h 3 j 


l 2 2 2 J 


(Z-l) 2 


so that the constant in Eq. 40-27 is 


C = ii~~^~T = 4-9673 x IO 7 Hz 1/2 
V 32# 

using the values in the next-to-last column in the Table in Appendix B (but note that the 
power of ten is given in the middle column). 

We are asked to compare the results of Eq. 40-27 (squared, then multiplied by the 
accurate values of h/e found in Appendix B to convert to x-ray energies) with those in the 
table of K a energies (in eV) given at the end of the problem. We look up the 
corresponding atomic numbers in Appendix F. 

(a) For Li, with Z = 3, we have 


e , - -c 2 (z-i) 2 = , 6 ; 6 i 6Q ^ 


theory 


1.6021765 xl0' y J/eV 


The percentage deviation is 


percentage deviation = 100 


7 _ J7 

'theory exp 


= 100 


exp J 


40.817-54.3 
543 


= -24.8% * -25%. 


(b) For Be, with Z = 4, using the steps outlined in (a), the percentage deviation is -15%. 

(c) For B, with Z = 5, using the steps outlined in (a), the percentage deviation is -1 1%. 

(d) For C, with Z = 6, using the steps outlined in (a), the percentage deviation is -7.9%. 

(e) For N, with Z = 7, using the steps outlined in (a), the percentage deviation is -6.4%. 

(f) For O, with Z = 8, using the steps outlined in (a), the percentage deviation is -4.7%. 

(g) For F, with Z = 9, using the steps outlined in (a), the percentage deviation is -3.5%. 

(h) For Ne, with Z = 10, using the steps outlined in (a), the percentage deviation is -2.6%. 

(i) For Na, with Z = 1 1, using the steps outlined in (a), the percentage deviation is -2.0%. 


(j) For Mg, with Z = 12, using the steps outlined in (a), the percentage deviation is -1.5%. 

Note that the trend is clear from the list given above: the agreement between theory and 
experiment becomes better as Z increases. One might argue that the most questionable 

step in §40-10 is the replacement e 4 — > (Z - ífe 4 and ask why this could not equally well 

be e 4 — > (Z-.9) 2 e 4 or e 4 — > (Z-.8) 2 e 4 ? For large Z, these subtleties would not matter so 
much as they do for small Z, since Z - Ç « Z for Z > > £ 


47. (a) If t is the time interval over which the pulse is emitted, the length of the pulse is 

L = ct = (3.00 x 10 8 m/s)(1.20 x 10" 11 s) = 3.60 x 10" 3 m. 

(b) If E p is the energy of the pulse, E is the energy of a single photon in the pulse, and /V 
is the number of photons in the pulse, then E p = NE. The energy of the pulse is 

E p = (0.150 J)/(1.602 x IO" 19 J/eV) = 9.36 x IO 17 eV 

and the energy of a single photon is E = (1240 eV-nm)/(694.4 nm) = 1.786 eV. Hence, 


N = 


E 


p 


9.36 x IO 17 eV 


= 5.24 x IO 17 photons. 


E 


1.786 eV 


48. The energy of the laser pulse is 

E p =PAí = (2.80xl0 6 J/s)(0.500xlCT 6 s) = 1.400 J 
Since the energy carried by each photon is 


E = hc = (6.63x1o 34 J-s)(2.998xl0»m/s) = , /p }f) „ 
X 424xl0~ 9 m ° " 


19 - 


the number of photons emitted in each pulse is 

N = E ±= L40QJ =3.0xl0 18 photons. 
E 4.69 x IO" 19 J 

With each atom undergoing stimulated emission only once, the number of atoms 
contributed to the pulse is also 3.0x 10 18 . 


49. The number of atoms in a state with energy E is proportional to e~ , where T is the 
temperature on the Kelvin scale and k is the Boltzmann constant. Thus the ratio of the 
number of atoms in the thirteenth excited state to the number in the eleventh excited state 
is n n l n u = e~ AE/kT , where AE is the difference in the energies: 

AE = E í3 - E n = 2(1.2 eV) = 2.4 eV. 
For the given temperature, kT= (8.62 x 10~ 2 eV/K)(2000 K) = 0.1724 eV. Hence, 


^l =e -2.4/0.1724 = 90xl() -7 

n n 


50. According to Sample Problem 40-6, NJNq = 1.3 x 10" . Let the number of moles of 
the lasing material needed be n; then No = hNa, where Na is the Avogadro constant. Also 
N x = 10. We solve for n: 


n = 


1 ^ = 7 ^3 ^ = 1-3 x IO 15 mol. 

(1.3 x 10" 38 )A^ (1.3 x 10" 38 ) (6.02 x 10 ) 


5 1 . Let the power of the laser beam be P and the energy of each photon emitted be E. 
Then, the rate of photon emission is 


PX (2.3xlCT 3 w) (632.8xlCT y m) 
E ~ hc/X ~ hc~ (6.63 xl(T 34 J-s) (2.998 x IO 8 m/s) 


= 7.3xl0 13 s 


15 „-l 


52. From Eq. 40-29, NM = e ~ {E2 ~ El)/kT . We solve for T: 


T= E 2~^ = 10xl0 4 K 

k\n(NjN 2 ) (l.38xl0 -23 J/k) In(2.5xl0 15 /6.1xl0 13 ) 


53. Let the range of frequency of the microwave be Af. Then the number of channels that 
could be accommodated is 


N = 


A y (2.998 x IO 8 m/s) [(450 nm)"' - (650 um) 


10 MHz 


10 MHz 


^ = 2.1xl0 7 . 


The higher frequencies of visible light would allow many more channels to be carried 
compared with using the microwave. 


54. Consider two leveis, labeled 1 and 2, with E^>E\. Since T = 


-in<o, 


^2 = ^(E.-E^/kT = e -\E 2 -E,\l(-k\T\) = ^-E^/k^ > j 


Thus, N2>N\\ this is population inversion. We solve for T: 

T = -\T\ = El ~ El = 226 eV = -275xl0 5 K 

11 kh^NjNy) (8.62x IO" 5 eV/K)ln(l + 0.100) 


55. Let the power of the laser beam be P and the energy of each photon emitted be E. 
Then, the rate of photon emission is 

P P px (5.0xl(T 3 w) (0.80xl(T 6 m) 
R = — = = — = ^ LA l = 2 0x10 s 

E hc/X hc (6.63xl0~ 34 J-s) (2.998xl0 8 m/s) 


56. The Moon is a distance R = 3.82 x 10 m from Earth (see Appendix C). We note that 
the "cone" of light has apex angle equal to 20. If we make the small angle approximation 
(equivalent to using Eq. 36-14), then the diameter D of the spot on the Moon is 


D = 2R0 = 2R 


Lm 

d 


2(3.82xl0 8 m) (1.22) (600xlCT 9 m) 


0.12m 


= 4.7xl0 3 m = 4.7km. 


57. For stimulated emission to take place, we need a long-lived state above a short-lived 
state in both atoms. In addition, for the light emitted by A to cause stimulated emission of 
B, an energy match for the transitions is required. The above conditions are fulfilled for 
the transition from the 6.9 eV state (lifetime 3ms) to 3.9 eV state (lifetime 3|us) in A, and 
the transition from 10.8 eV (lifetime 3ms ) to 7.8 eV (lifetime 3ju.s) in B. Thus, the energy 
per photon of the stimulated emission of B is 10.8 eV -7.8 eV = 3.0 eV . 


58. The energy carried by each photon is 

E _ hc _ (6.63 xlQ- 34 J-s)(2.998xlQ 8 m/s) _ ^ 87xlQ -i 9j 
X 694xl0~ 9 m 

Now, the photons emitted by the Cr ions in the excited state can be absorbed by the ions 
in the ground state. Thus, the average power emitted during the pulse is 

p _ (N l -N 0 )E _ (0.600-0.400)(4.00xl0' 9 )(2.87xl0 19 J) _ 1 mq6 j/g 
Aí 2.00 xl(T 6 s 


or l.lxlO 6 W. 


59. (a) If both mirrors are perfectly reflecting, there is a node at each end of the crystal. 
With one end partially silvered, there is a node very close to that end. We assume nodes 
at both ends, so there are an integer number of half-wavelengths in the length of the 
crystal. The wavelength in the crystal is X c = X/n, where X is the wavelength in a vacuum 
and n is the index of refraction of ruby. Thus N(X/2n) = L, where N is the number of 
standing wave nodes, so 

2nL 2(1.75) (0.0600 m) , 

N = = -i ^ = ^ = 3.03xl0 5 . 

X 694 x 10 m 

(b) Since X = c/f, where /is the frequency, /V = InLflc and A/V = (2nL/c)Af. Hence, 

cAN (2.998 x IO 8 m/s) (1) 

Af= — = ^- ^\Z = i.43xl0 9 Hz. 

2nL 2(1.75) (0.0600 m) 

(c) The speed of light in the crystal is c/n and the round-trip distance is 2L, so the round- 
trip travei time is 2nL/c. This is the same as the reciprocai of the change in frequency. 

(d) The frequency is 

f=c/X = (2.998 x 10 8 m/s)/(694 x IO" 9 m) = 4.32 x IO 14 Hz 
and the fractional change in the frequency is 


A/7/= (1.43 x IO 9 Hz)/(4.32 x IO 14 Hz) = 3.31 x IO" 6 


60. For the nth harmonic of the standing wave of wavelength X in the cavity of width L 
we have nX = 2L, so nAX + A.An = 0. Let An = +1 and use X = 2L/n to obtain 


\AX = 


X\An\ 


2L 


(533 nm) 2 
2(8.0 x IO 7 nm) 


= 1.8xl0" 12 m=1.8 


pm. 


61. (a) We denote the upper levei as levei 1 and the lower one as levei 2. From N1/N2 = 
e -{E2-Ei)/kT W£ g et ( usul g /j C _ \24Q eV-nm) 


N l =N 2 e- {E ^ )/kT = N 2 e- hc/kkT = (4.0xl0 20 )exp 


1240eV-nm 


(580nm)(8.62xlO" 5 eV/K)(300K) 


= 5.0xl0~ 16 «l 


so practically no electron occupies the upper levei. 

(b) With iVi = 3.0 x IO 20 atoms emitting photons and N2 = 1.0 x IO 20 atoms absorbing 
photons, then the net energy output is 


u c , ,(6.63xlO" 34 J-s) Í2.998xl0 8 m/s) 

^ = (^-^)^o to n=(^-^)Y = ( 2 - 0Xl0 )" 


580xl0^m 


= 68J. 


62. (a) The radius of the central disk is 


_ 1.22/ A. (1.22X3.50 cm)(515 nm) 

« = = = 7.33 /um. 

d 3.00 mm 


(b) The average power flux density in the incident beam is 

P 4(5.00W) 


nd 2 /4 71(3.00 mm) 2 


= 7.07 x 10 W/m 


(c) The average power flux density in the central disk is 

= 2.49 xl0 lu W/m 2 


(0.84)/' (0.84)(5.00W) _ m inl(ll 


kR 2 Tt(7.33//m) 2 


63. (a) Using hc = 1240 eV-nm, 


AE = hc 


( 1 O 


X, X 


= (l240eV-nm) 


2) 


v 588.995nm 589.592nm y 


= 2.13meV 


(b) From AE = 2ju B B (see Fig. 40-10 and Eq. 40-18), we get 


B = 


AE 


2.13xlO~ 3 eV 


2ju B 2(5.788 x IO" 5 eV/T) 


= 18T 


64. (a) The energy difference between the two states 1 and 2 was equal to the energy of 
the photon emitted. Since the photon frequency was/ = 1666 MHz, its energy was given 
by 

hf= (4.14 x IO' 15 eV-s)(1666 MHz) = 6.90 x l(T 6 eV. 

Thus, 

E 2 -E l = hf = 6.90x10 6 eV = 6.90 jueV. 


(b) The emission was in the radio region of the electromagnetic spectrum. 


65. (a) The intensity at the target is given by / = PIA, where P is the power output of the 
source and A is the area of the beam at the target. We want to compute / and compare the 
result with IO 8 W/m 2 . The beam spreads because diffraction occurs at the aperture of the 
laser. Consider the part of the beam that is within the central diffraction maximum. The 
angular position of the edge is given by sin 6= 1.22ÀV 'd, where X is the wavelength and d 
is the diameter of the aperture (see Exercise 61). At the target, a distance D away, the 
radius of the beam is r = D tan 6. Since 6 is small, we may approximate both sin 6 and 
tan 6*by 0, in radians. Then, 


r = D6= \22DXId 


and 


/ = 


P 


Pd 2 


(5.0xl0 6 w) (4.0m) 2 


2.1xl0 5 W/m 2 , 


2 



not great enough to destroy the missile. 


(b) We solve for the wavelength in terms of the intensity and substitute / = 1.0 x 10' 
W/m 2 : 


66. (a) In the lasing action the molecules are excited from energy levei E$ to energy levei 
E 2 . Thus the wavelength X of the sunlight that causes this excitation satisfies 


AE — E 2 E 0 — , 

which gives (using hc = 1240 eV-nm) 

hc 1240eV-nm Á n „ , 

X = = = 4.29 x 10 nm = 4.29 um. 

E 2 -E 0 0.289 eV-0 

(b) Lasing occurs as electrons jump down from the higher energy levei E 2 to the lower 
levei E\. Thus the lasing wavelength X' satisfies 

AE' = E 2 -E, =— , 
2 X' 


which gives 


hc 1240eV-nm 4 

X = = = 1.00x10 nm=10.0/an. 

E 2 -E l 0.289 eV- 0.1 65 eV 


(c) Both X and X' belong to the infrared region of the electromagnetic spectrum. 


67. Due to spin degeneracy (m s =±1/2), each state can accommodate two electrons. 
Thus, in the energy-level diagram shown (Fig. 40-29), two electrons can be placed in the 
ground state with energy E x = 3(h 2 l%mÚ) , six can occupy the "triple state" with 

E 2 = 6(h 2 /SmL 2 ) , and so forth. With 22 electrons in the system, the lowest energy 
configuration consists of two electrons with E x = 3(h 2 /SmL 2 ) , six electrons with 
E 2 =6(h 2 /SmL 2 ), six electrons with E 3 =9(h 2 /SmL 2 ), six electrons with 
E 4 =ll(/z 2 /8mL 2 ) and two electrons with E 5 = I2(h 2 /SmL 2 ) . Thus, we find the ground- 
state energy of the 22-electron system to be 

E gmund =2E l+ 6E 2 +6E 3 +6E 4 + 2E 5 
= 2 


f 3h 2 

^ 

+ 6 

r eh 2 

\ 

+ 6 

f 9h 2 


+ 6 

f \\h 2 ^ 

+ 2 

(l2h 2 ^ 









[smL 2 

j 


{SmL 2 

J 


v 8mL 2 

J 


v 8mL 2 j 


K SmL 2 J 


= [(2)(3) + (6)(6) + (6)(9) + (6)(1 1) + (2)(12)] 
h 


.2 A 


8mL 2 


= 186 


8mL 2 


Thus, the multiple of h 2 /SmL 2 is 186. 


68. (a) From Fig. 40-14 we estimate the wavelengths corresponding to the Kp Une to be 
Xp = 63.0 pm. Using hc = 1240 eV-nm = 1240 keV-pm, we have 


E p = (1240 keV-nm)/(63.0 pm) = 19.7 keV « 20 keV 

(b) For K a> with X a = 70.0 pm, 

^ hc 1240keV-pm ^ ir>1 ^ T 

E= — = í— = 17.7keV « 18 keV . 

a X a 70.0pm 


(c) Both Zr and Nb can be used, since E a < 18.00 eV < Ep and E a < 18.99 eV < Ep. 
According to the hint given in the problem statement, Zr is the best choice. 


(d) Nb is the second best choice. 


69. Letting eV = hclX^ n (see Eq. 40-23 and Eq. 38-4), we get 

_ hc _ 1240nm-eV _ 1240pm-keV _ 1240pm 

mn ""^7 " êv " êv " v 

where V is measured in kV. 


70. (a) The distance from the Earth to the Moon is d em = 3.82 x 10 m (see Appendix C). 
Thus, the time required is given by 

2d 2(3.82 x 10 8 m) 
c 2.998 x IO 8 m/s 

(b) We denote the uncertainty in time measurement as St and let 2õd es =15 cm. Then, 
since d em °c t, St/t = Sd em ld em . We solve for St: 

d em 2(3.82 x 10 8 m) 


(c) The angular divergence of the beam is 


6> = 2tan 


1.5xl0 3 N 

v d em 


= 2tan 


' 1.5xlQ 3 x 
3.82xl0 8 


-4\o 


= (4.5xl0" 4 ) 


71. (a) The length of the pulse' s wave train is given by 

L = cAt= (2.998 x IO 8 m/s)(10 x 10" 15 s) = 3.0 x 10" 6 m. 
Thus, the number of wavelengths contained in the pulse is 

t = *)xlg*m 
X 500xl0" 9 m 


(b) We solve for X from 10 fm/1 m = 1 s/X: 

(ls)(lm) ls fi 
X = v A ; = — = 3 2 x 10 v 

10x10 15 m (I0xl0 15 )(3.15xl0 7 s/y) 


72. (a) The value of £ satisfies ^t(t + \)h * 4¥h = £h = L,so £ - L/h - 3 x IO 74 . 


21 1 2(3xl0 74 ) 
or cos ff ma - 1 - 0l n /2 * 1 - 10- 74 /6 , we have 

^ m „-V 10 " 4 /3 = 6xlO- 38 rad. 

The correspondence principie requires that ali the quantum effects vanish as >0. In 
this case /z/L is extremely small so the quantization effects are barely existent, with 

-IO -38 rad-0. 


(b) The number is 2 £ 7A 7A 

+ 1» 2(3 ' 10 /4 )=6' 10 /4 

(c) Since 

m,„„J 1 

COS ff ■ = 


Mi + \)h yj£{£ + l) 


73. Without the spin degree of freedom the number of available electron states for each 
shell would be reduced by half. So the values of Z for the noble gas elements would 
become half of what they are now: Z = 1, 5, 9, 18, 27, and 43. Of this set of numbers, the 
only one which coincides with one of the familiar noble gas atomic numbers (Z = 2, 10, 
18, 36, 54, and 86) is 18. Thus, árgon would be the only one that would remain "noble." 


74. For a given shell with quantum number n the total number of available electron states 
is 2n . Thus, for the first four shells (n = 1 through 4) the number of available states are 2, 
8, 18, and 32 (see Appendix G). Since 2 + 8 + 18 + 32 = 60 < 63, according to the 
"logical" sequence the first four shells would be completely filled in an europium atom, 
leaving 63 - 60 = 3 electrons to partially occupy the n = 5 shell. Two of these three 
electrons would fill up the 5s subshell, leaving only one remaining electron in the only 
partially filled subshell (the 5p subshell). In chemical reactions this electron would have 
the tendency to be transferred to another element, leaving the remaining 62 electrons in 
chemically stable, completely filled subshells. This situation is very similar to the case of 
sodium, which also has only one electron in a partially filled shell (the 3s shell). 


75. We use eV = hc/Kán (see Eq. 40-23 and Eq. 38-4): 

e Vk íl.60xl0" 19 C)(40.0xl0 3 eV)Í31.1xl0" 12 m) 

h= e X±^ = \ A — A ^ = 6.63xl(T 34 J-s 

c 2.998 x 10 m/s 


76. One way to think of the units of h is that, because of the equation E = hf and the fact 
that/is in cycles/second, then the "explicit" units for h should be J-s/cycle. Then, since 
2n rad/cycle is a conversion factor forcycles— > radians, h = h/2n can be thought of as 
the Planck constant expressed in terms of radians instead of cycles. Using the precise 
values stated in Appendix B, 


h = 


h 


6.62606876 xl(T 4 J-s 


= 1.05457x10 J-s = 


1.05457xl0^ 4 J-s 


2k 


2k 


1.6021765x10 "> J/eV 


= 6.582xlO" 16 eV-s. 


77. The principal quantum number n must be greater than 3. The magnetic quantum 
number m f can have any of the values - 3,-2, -1,0, +1, +2, or +3. The spin quantum 

number can have either of the values -\or +\. 


1 . (a) At absolute temperature T = 0, the probability is zero that any state with energy 
above the Fermi energy is occupied. 

(b) The probability that a state with energy E is occupied at temperature T is given by 


where k is the Boltzmann constant and E F is the Fermi energy. Now, E - E F = 0.0620 eV 
and 

(E-E F )lkT = (0.0620eV) /(8.62 x 10" 5 eV / K)(320K) = 2.248 , 

so 

P(E) = ^"7 = 0.0955. 
e +1 

See Appendix B or Sample Problem 41-1 for the value of k. 


2. We note that there is one conduction electron per atom and that the molar mass of gold 
is 197 g/ mol . Therefore, combining Eqs. 41-2, 41-3 and 41-4 leads to 

(19.3g/cm 3 )(10W/m 3 ) c QOvin 28 -3 
n = r- — = j.yi)xlU m 

(197 g / mol) / (6.02 x 10 mor 1 ) 


3. (a) Eq. 41-5 gives 

8V2^ £l/2 
h 3 

for the density of states associated with the conduction electrons of a metal. This can be 
written 

N(E) = CE 1 ' 2 

where 

C = 8VW" = 8^(9.109x10-^8)" =1 062xl()Mk 3n/J 3,3 
/* 3 (6.626 xl(T 34 J-s) 3 

(b) Now, 1 J = lkg • m 2 / s 2 (think of the equation for kinetic energy K = \mv 2 ), so 1 kg = 
1 J-s 2 -m . Thus, the units of C can be written as 

/ t n 2s.3/2 ( -2x112 t-3 -3 j-3/2 -3 

(J - s ) -(m ) J -s = J -m . 

This means 

C = (1.062 x IO 56 J 3/2 • nT 3 )(1.602 x 1(T 19 J / eV) 3/2 = 6.81 x IO 27 nT 3 • eV 3/2 . 

(c) If£ = 5.00 eV,then 

N(E) = (6.8 1 x IO 27 nT 3 • eV 3/2 )(5.00eV) 1/2 = 1 .52 x IO 28 eV" 1 • nT 3 . 


4. We note that n = 8.43 x IO 28 m 3 = 84.3 nnT 3 . From Eq. 41-9, 


0.121(ftc) 2 2/3 0.121(1240eV-nm) 2 

£ F = j n = rr; — 7^ (84.3 nm 


z 2/3 

mc 2 511xlO J eV 


where we have used hc = 1240eV • nm. 


5. The number of atoms per unit volume is given by n = d I M , where d is the mass 
density of copper and M is the mass of a single copper atom. Since each atom contributes 
one conduction electron, n is also the number of conduction electrons per unit volume. 
Since the molar mass of copper is A = 63.54g/mol, 

M = Al N A = (63.54g/ mol)/(6.022xl0 23 mor 1 ) = 1.055 xlO -22 g . 

Thus, 

8.96 2 /cm _ . _ 


6. Let E\ = 63 meV + E F and E 2 = - 63 meV + E F . Then according to Eq. 41-6, 


where x = (E l -E F )/ kT . We solve for e*: 


«•-l-i— !_- 

0.090 9 


Thus, 


P = 1 = 1 = ^_ = 1 = 091 

2 e (E 2 -E F)l kT +l e - (Eí -E F)/k T +í e - X+í (91/9) -l +1 • ' 


where we use E 2 - E F = -63 meV = E F - E\=- (E\ - E F ). 


7. According to Eq. 41-9, the Fermi energy is given by 


E F = 


16V27T 


.2/3 


-n 


m 


where n is the number of conduction electrons per unit volume, m is the mass of 


electron, and h is the Planck constant. This can be written E F = An , where 


A = 


^ 2/3 h 2 


,2/3 


16V27T 


m 


16V27T 


(6.626 xlO- J4 J-s) 
9.109 x 10 31 kg 


= 5.842xl0" 38 J 2 -s 2 /kg 


Since lJ = lkg-m 2 /s 2 , the units of A can be taken to be m 2 -J. Dividing 
1.602 x IO 19 J / eV , we obtain A = 3.65 x 10 19 m 2 • eV . 


8. We use the result of Problem 41-3: 

N(E) = CE 1 ' 2 = [6.8 1 x IO 27 nT 3 • (eV)" 2/3 ] (8.0 eV) 1/2 = 1 .9 x 10 28 nT 3 • eV~' . 
This is consistent with Fig. 41-6. 


9. (a) Eq. 41-6 leads to 

( 1 

E = E F +kT\n (P 1 -1) = 7.00eV + (8.62xlO" 5 eV/K)(1000K)ln 
= 6.81eV. 


0.900 


(b) N(E) = CE 1 ' 2 = (6.8 1 x IO 27 m" 3 • eV~ 3/2 ) (6.8 leV) 1/2 = 1 .77 x IO 28 m" 3 • eV" 1 . 

(c) N 0 (E) = P(E)N(E) = (0.900)(1.77 xl0 28 nT 3 -eV" 1 ) = 1.59xl0 28 nT 3 -eV" 1 . 


10. (a) The volume per cubic meter of sodium occupied by the sodium ions is 

(971kg)(6.022xl0 23 /mol)(47i/3)(98.0xl0 12 m) 3 3 

V Ka = — — = 0. lOOm , 

Na (23.0g/mol) 

so the fraction available for conduction electrons is l-(V Na /l.OOm 3 ) = 1-0.100 = 0.900, 
or 90.0%. 

(b) For copper, we have 

(8960kg)(6.022xl0 23 /mol)(47i/3)(135xl0" 12 m) 3 3 

V n „= = 0.1 o/d m 

Cu (63.5g/mol) 

Thus, the fraction is l-(V Cu / l.OOm 3 ) = 1-0.876 = 0.124 , or 12.4%. 

(c) Sodium, because the electrons occupy a greater portion of the space available. 


11. The Fermi-Dirac occupation probability is given by P FD = 1 / [e^ ElkT + 1) , and the 

Boltzmann occupation probability is given by P B = e ~ AE ' kT . Let / be the fractional 
difference. Then 

-AE/kT i_ 

j _ B FD 


p -AE/kT 


Using a common denominator and a little álgebra yields 


-AE/kT 

f= ' 


The solution for e ÃEIkT is 


e -AE/ kT+l 


AE/kT _ f 


We take the natural logarithm of both sides and solve for T. The result is 

AE 

T = 


f f V 

(a) Letting/equal 0.01, we evaluate the expression for T: 

T = a-00eVX1.60xl0-'j/eV) = ^ x lflS R 
(1.38xl0- 23 J/K)lní °- Q1Q 

U-o.oioJ 

(b) We set/equal to 0.10 and evaluate the expression for T: 

(1.00eV)(1.60xl Q- 19 J/eV) 
0.10 
1-0.10 


T = ^ ^ 7 V = 5.30xl0 3 K. 

(1.38xl0~ 23 J/K)ln 


12. Combining Eqs. 41-2, 41-3 and 41-4, the number density of conduction electrons in 
gold is 

(19.3g /cm^x^/mol) =5s0xW » cm -, = 59Sma -, . 
(197g/mol) 

Now, using hc = 1240eV • nm, Eq. 41-9 leads to 

0.l2l(hc) 2 2/3 0.121(1240eV-nm) 2 ^ nA __ 3 ,2/3 , ,~ v 
£ r = ; n = 5 (59.0nm ) =5.52eV. 

F (mc 2 ) 511xl0 3 eV 


13. (a) We evaluate P(E) = \l{é E Ef ^ kT +1) for the given value of E, using 

^(1381x10^/10(27310 
1.602x10 19 J/eV 

For E = 4.4 eV, (E - E F )lkT = (4.4 eV - 5.5 eV)/(0.02353 eV) = - 46.25 and 

(b) Similarly, for E = 5.4 eV, P(E) = 0.986 * 0.99 . 

(c) For E = 5.5 eV, P(E) = 0.50. 

(d) For E = 5.6 eV, P(E) = 0.014. 

(e) For E = 6.4 eV, P(£) = 2.447 x 10" 17 * 2.4 x 10" 11 . 

(f) Solving P = l/(e AEIkT + 1) for e AE/kT , we get 

e = 1 . 

P 

Now, we take the natural logarithm of both sides and solve for T. The result is 

A£ ( 5 .6eV-5.5eVXl/i02xl0-»]/«V) 
Hn(i-l) (1.381xl0" 23 J/K)ln(ãL-l) 


14. The molar mass of carbon is m = 12.01115 g/mol and the mass of the Earth is M e = 
5.98 x IO 2 kg. Thus, the number of carbon atoms in a diamond as massive as the Earth is 
N = (MJm)N A , where N A is the Avogadro constant. From the result of Sample Problem 
41-1, the probability in question is given by 


P = N Eg ' kT = 


M . 


m 


N A e 


■E/kT 


5.98xlQ /4 kg 
12.01 115g/mol 


(6.02xl0 23 /mol)(3xl0" 93 ) 


= 9x10 


-43 


ao 


-42 


15. We use 


N 0 (E) = N(E)P(E) = CE 1 ' 2 [e 



where (see Problem 41-3) 


C = 



3/2 


8V2^-(9.109xlQ' 31 kg) 
(6.626 x IO 34 J-s) 3 


3/2 


= 1.062xl0 56 kg 3/2 /J 3 -s 3 


= 6.81xl0 27 nT 3 -(eV) 


■3/2 


(a) At £ = 4.00 eV, 


(6.8 1 x IO 27 nT 3 ■ (eVr 3/2 ) (4.00eV) 


= 1.36xl0 28 nT 3 -eV 


exp ((4.00eV - 7.00eV) /[(8.62 x 10 5 eV / K)(1000K)]) + 1 


(b) At £ = 6.75 eV, 

(6.81xl0 27 m" 3 -(eVr 3/2 )(6.75eV) 1/2 

N 0 = i r— = 1.68x 

exp ((6.75 eV - 7.00eV) /[(8.62 x 10 eV / K)(1000 K)]) + 1 

(c) Similarly, at E = 7.00 eV, the value of N 0 (E) is 9.01 x IO 27 m~ 3 -eV \ 

(d) At E = 7.25 eV, the value of N 0 (E) is 9.56 x IO 26 nT 3 -eV~ \ 

(e) At E = 9.00 eV, the value of N Q (E) is 1.71 x 10 18 m~ 3 -eV \ 


16. The probability Ph that a state is occupied by a hole is the same as the probability the 
state is unoccupied by an electron. Since the total probability that a state is either 
occupied or unoccupied is 1, we have Ph + P = 1. Thus, 


17. (a) According to Appendix F the molar mass of silver is 107.870 g/mol and the 
density is 10.49 g/cm 3 . The mass of a silver atom is 


107.870 x IO" 3 kg /mol 


= 1.791x 10 25 kg 


6.022 x IO 23 mol 


We note that silver is monovalent, so there is one valence electron per atom (see Eq. 
41-2). Thus, Eqs. 41-4 and 41-3 lead to 

M 1.791xl0 25 kg 

(b) The Fermi energy is 


E _ = 0121jr n „ = (0.121X6.626x10-^ . tf = g ^ ^ m _, )2/J 


m 


9.109x10 " J1 kg 


= 8.80xl0 19 J = 5.49eV 


(c) Since E F = \mv F . 


2E F 12(8.80x10 19 J) 


V 


m Al 9.109 x IO 31 kg 


= 1.39 x 10 m/s 


(d) The de Broglie wavelength is 

h 6.626x10 34 J-s 


X = - 


■ = 5.22xl0~ 10 m 


mv F (9.109xl0" 31 kg)(1.39xl0°m/s) 


18. Let the energy of the state in question be an amount AE above the Fermi energy Ep. 
Then, Eq. 41-6 gives the occupancy probability of the state as 


P = 


1 

(E ? +AE-E ¥ )lkT 


+ 1 e AE/kT +l 


We solve for AE to obtain 


AE = kT\n 


f 1 ^ ( 1 ^ 

' =(1.38xl0 23 J/K)(300K)ln 


1 


V J 


0.10 


1 


= 9.1 x 10 21 J 


J 


— 2 

which is equivalent to 5.7 x 10 eV = 57 meV 


19. Let N be the number of atoms per unit volume and n be the number of free electrons 
per unit volume. Then, the number of free electrons per atom is n/N. We use the result of 
Problem 41-7 to find n: E F = An 2 ' 3 , where A = 3.65 x 1CT 19 m 2 • eV. Thus, 


n = 


E F 


V J 


11.6eV 


,3/2 


3.65x10 ~ 19 m 2 -eV 


= 1.79xl0 2y m 


29 m -3 


If M is the mass of a single aluminum atom and d is the mass density of aluminum, then 
N = d/M. Now, 

M = (21.0 g/mol)/(6.022 x 10 23 mor 1 ) = 4.48 x 1CT 23 g, 


so 


N= (2.70 g/cm 3 )/(4.48 x IO" 23 g) = 6.03 x IO 22 cm" 3 = 6.03 x IO 28 nT 3 . 


Thus, the number of free electrons per atom is 

n _ 1.79xl0 29 nT 3 
~ 6.03 x 10 28 m" 3 


= 2.97*3. 


20. (a) The ideal gas law in the form of Eq. 20-9 leads to p = NkT/V = nokT. Thus, we 
solve for the molecules per cubic meter: 


n _ p _ (1.0atm)(1.0xl0 5 Pa/atm) _ 27xl()25m _3 
0 kT (1.38xl0" 23 J/K)(273K) 

(b) Combining Eqs. 41-2, 41-3 and 41-4 leads to the conduction electrons per cubic meter 
in copper: 

8.96X1W =8 , 43xl0 „ m -3, 
(63.54)(1.67xl0~ 27 kg) 

(c) The ratio is n/n 0 =(8.43 x IO 28 nT 3 )/(2.7 x IO 25 nT 3 ) = 3.1 x 10 3 . 

(d) We use J avg = n 1/3 . For case (a), 

J avg , o = (2.7 x IO 25 m - 3 )" 1/3 = 3.3 nm. 

(e) For case (b), J avg = (8.43 x 10 28 nT 3 )" 1/3 = 0.23 nm. 


21. The average energy of the conduction electrons is given by 

E mg =-[EN(E)P(E)dE 
where n is the number of free electrons per unit volume, N(E) is the density of states, and 

1/2 

P(E) is the occupation probability. The density of states is proportional to £ , so we may 
write N(E) = CE 1 2 , where C is a constant of proportionality. The occupation probability 
is one for energies below the Fermi energy and zero for energies above. Thus, 

E **=-S EmdE = 2 í E '- 

Now 

n = £ N(E)P(E)dE = c£ F E l,2 dE = -^ E T ■ 
We substitute this expression into the formula for the average energy and obtain 


22. The mass of the sample is 

m = pV 


= (9.0 g/cm 3 )(40.0 cm 3 ) = 360 g , 


which is equivalent to 

m 360 g 

n = — = = 6.0 mol . 

M 60 g/mol 

Since the atoms are bivalent (each contributing two electrons), there are 12.0 moles of 
conduction electrons, or 

N = nN A = (12.0 mol)(6.02xl0 23 / mol) = 7.2 x IO 24 . 


23. Let the volume be v = 1.00 x 10 6 m 3 . Then, 


= NE àyg =nvE ãve = (8.43xl0 28 nr 3 )(1.00xl0 o m J ) 


avg 


(7.00eV)(l .60x10 ~ 19 J/eV) 


= 5.71xl0 4 J = 57.1 kJ. 


24. The probability that a state with energy E is occupied at temperature T is given by 

P(E)= l 


e (E-E F )/kT + j 

where k is the Boltzmann constant and E F is the Fermi energy. Now, 


and 


E-E F =6.10eV-5.00eV = 1.10eV 


E-E F _ l.lQeV _ g51 

kT (8.62xlO" 5 eV/K)(1500K) 


so 

1 


P(E) = ^— = 2.01x10" 
e +1 


From Fig. 41-6, we find the density of states at 6.0 eV to be about 
N(E) = 1.7 x IO 28 /m 3 • eV. Thus, using Eq. 41-7, the density of occupied states is 

N 0 (E) = N(E)P(E) = (1.7 x IO 28 / m 3 • eV)(2.01x IO" 4 ) = 3.42x IO 24 / m 3 • eV. 

Within energy range of AE = 0.0300 eV and a volume V = 5.00x 10 8 m 3 , the number of 
occupied states is 


^ number ^ 
states 


j = N 0 (E)VAE = (3.42 x IO 24 /m 3 • eV)(5.00x 10~ 8 m 3 )(0.0300 eV) 
= 5.1xl0 15 . 


25. (a) Combining Eqs. 41-2, 41-3 and 41-4 leads to the conduction electrons per cubic 
meter in zinc: 


n = 2(7.133g/cm 3 ) = uu 1q23 ^ =uu iq29 ^ 

(65.37 g / mol) / (6.02 x 10 mol) 


(b)From Eq. 41-9, 


„ 0.121/* 2 2/3 0.121(6.63xl0" 34 J-s) 2 (1.31xl0 29 m- 3 ) 2/3 , 

F m e (9.1 lxl0~ 31 kg)( 1.60x10 ~ 19 J/eV) 

(c) Equating the Fermi energy to \m e v 2 F we find (using the m e c 2 value in Table 37-3) 


_ 2E^ _ 2(9.43eV)(2.998xl0» m / S )' _ 
V m.c 2 V 511xl0 3 eV 


(d) The de Broglie wavelength is 


, A 6.63xKT 34 J-s 

A, = = = 0.40nm 

m e v F (9.11xl0- 31 kg)(1.82xl0 6 m/s) 


26. From Eq. 41-9, we find the number of conduction electrons per unit volume to be 


n = - 


m e E F 


!6yÍ27T 


J 


r (m e c 2 )E F ^ 
(hc) 2 


1&J2: 


K 


(0.511xlQ 6 eV)(5.0 eV) 
(1240 eV- nm) 2 


= 50.9/nm J =5.09xlO zs /m 
«8.4xl0 4 mol/m 3 . 


Since the atom is bivalent, the number density of the atom is 


n atom =nl 2 = 4.2 x 10 4 mol/m J 


Thus, the mass density of the atom is 


P = «atom M = (4.2xl0 4 mol/m 3 )(20.0 g/mol) = 8.4x IO 5 g/m 3 = 0.84 g/cm 3 


27. (a) Atr=300K 


r _3kT_ 3(8.62 x IO' 5 eV / K)(300 K) _ 3 
/ — — — j.j x lu 

2E F 2(7.0eV) 

(b) At 7 = 1000 K, 

r 3kT 3(8.62 x IO" 5 eV/ K)( 1000 K) 10 tn2 

f = = — = 1.8 x 10 . 

2E F 2(7.0eV) 

(c) Many calculators and most math software packages (here we use MAPLE) have built- 
in numerical integration routines. Setting up ratios of integrais of Eq. 41-7 and canceling 
common factors, we obtain 

f 4Ê/(e (E - E ^' kT + l)dE 

/JE F 
rac = ■ 


\™ 4Ê I {e (E - E * )lkT + V)dE 
Jo 


where k = 8.62 x 10 5 eV/K. We use the Fermi energy value for copper (E F = 7.0 eV) and 
evaluate this for T = 300 K and T = 1000 K; we find frac = 0.00385 and frac = 0.0129, 
respectively. 


28. The fraction / of electrons with energies greater than the Fermi energy is 
(approximately) given in Problem 41-27: 


3fc772 
F 

F 

where T is the temperature on the Kelvin scale, k is the Boltzmann constant, and E F is the 
Fermi energy. We solve for T: 


T _ 2fE F _ 2(0.013)(4.70eV) _ ^ R 
3k 3(8.62 x IO" 5 eV/K) 


29. (a) Using Eq. 41-4, the energy released would be 

o.ig) r 3^ 


E = NE„ 


" avg (63.54g/mol)/(6.02xl0 23 /mol) 
= 1.97xl0 4 J. 


(7.0eV)(1.6xlCT 19 J/eV) 


(b) Keeping in mind that a Watt is a Joule per second, we have 

E 1.97xl0 4 J 

t = — = = 197s. 

P lOOJ/s 


30. The probability that a state with energy E is occupied at temperature Tis given by 

~ e (E-E F )lkT ~ j 

where k is the Boltzmann constant and 


0.12lh 2 2/3 _ 0. 121(6.626 x IO' 34 J -s) 2 
m e H 9.11x10 31 kg 


= v,.x„x„ n „ 3 = v^M^ ^ (170xl0 2B m -3 ) 2/3 = 3 855xl() -19j 


is the Fermi energy. Now, 


and 


E-E F =4.00x10 19 J- 3.855x10 19 J = 1.45xl0~ 20 J 


1 '■ 4 ^!°! j i =5.2536. 


kT (1.38x10 ^J/K)(200K) 
so 

P( J B) = -J r - T = 5.20xl0- 3 . 

Next, for the density of states associated with the conduction electrons of a metal, Eq. 41- 
5 gives 

= sVW^ = 8V2,(9.109xl0- 3 ' k g)3- j00xl0 - Wj y/ a 
/* 3 (6.626 x IO 34 J-s) 3 V ; 

= (l.062xl0 56 kg 3/2 /J 3 -s 3 )(4.00xl0" 19 j) 1/2 

= 6.717xl0 46 /m 3 -J 

where we have used 1 kg =1 J-s 2 -m 2 for unit conversion. Thus, using Eq. 41-7, the 
density of occupied states is 

N 0 (E) = N(E)P(E) = (6.7 17 x IO 46 /m 3 • J)(5.20xl0~ 3 ) = 3.49 x IO 44 /m 3 • J. 

Within energy range of AE = 3.20xl0~ 20 J and a volume V = 6.00x10 6 m 3 , the number 
of occupied states is 


/number l = n o (E)VAE = (3.49xl0 44 /m 3 - J)(6.00xl0~ 6 m 3 )(3.20xl0" 20 J) 
states J 

= 6.7xl0 19 


31. (a) Since the electron jumps from the conduction band to the valence band, the energy 
of the photon equals the energy gap between those two bands. The photon energy is given 
by hf = hclÀ, where / is the frequency of the electromagnetic wave and X is its 
wavelength. Thus, E g = hclÀ and 

, hc (6.63xlQ- 34 J-s)(2.998xlQ 8 m/s) 7 

A = — = = = 2.26x10 m=226nm. 

E g (5.5eV)(1.60xl0 ~ 19 J/eV) 

Photons from other transitions have a greater energy, so their waves have shorter 
wavelengths. 

(b) These photons are in the ultraviolet portion of the electromagnetic spectrum. 


32. (a) The number of electrons in the valence band is 


N ev = N v P{E v ) = 


N., 


e (E„-B p )/kT +1 


Since there are a total of N v states in the valence band, the number of holes in the valence 
band is 


N =N —N =N 

iV hv iV v iV ev JV v 


1- 


1 


? (E„-E T )/kT +1 


7 -(E„-E F )/kT 


+ 1 


Now, the number of electrons in the conduction band is 


N ec = N c P{E c ) = 


N. 


(E c -E P )/kT 


+ 1 


Hence, from N ev = N^c, we get 


N., 


e -(E v -E r )/kT + 1 e (E c -E r )/kT + 1 • 

(b) In this case, e (E ~ E ^ lkT » 1 and e ~ (E '~ Er)/kT » 1. Thus, from the result of part (a), 
or e ( E ^ +2E ^l kT ~ N v /N c . We solve for £ F : 


E f *I(e +E v ) + \kTln 


33. (a) At the bottom of the conduction band E = 0.67 eV. Also E F = 0.67 eV/2 = 
0.335 eV. So the probability that the bottom of the conduction band is occupied is 


P(E) = 


exp 


E-E F 
kT 


+ 1 


exp 


0.67eV-0.335eV 
(8.62xl0- 5 eV/K)(290K) 


= 1.5x10 


-6 


+ 1 


(b) At the top of the valence band E = 0, so the probability that the state is unoccupied is 
given by 


\-P(E)=\- 


1 


1 


1 


e (E-E v )/kT + j e -(E-E ¥ )jkT + j ^-(0-0.335eV)/[(8.62xl(r 5 eV/K)(290K)] ^ 

= 1.5xl0" 6 . 


34. Each Arsenic atom is connected (by covalent bonding) to four Gallium atoms, and 
each Gallium atom is similarly connected to four Arsenic atoms. The "depth" of their 
very non-trivial lattice structure is, of course, not evident in a flattened-out representation 
such as shown for Silicon in Fig. 41-10. Still we try to convey some sense of this (in the 
[1, 0, 0] view shown — for those who might be familiar with Miller Índices) by using 
letters to indicate the depth: A for the closest atoms (to the observer), b for the next layer 
deep, C for further into the page, d for the last layer seen, and E (not shown) for the 
atoms that are at the deepest layer (and are behind the A's) needed for our description of 
the structure. The capital letters are used for the Gallium atoms, and the small letters for 
the Arsenic. 

Consider the Arsenic atom (with the letter b) near the upper left; it has covalent bonds 
with the two A's and the two C's near it. Now consider the Arsenic atom (with the letter 
d) near the upper right; it has covalent bonds with the two C's which are near it and with 
the two E's (which are behind the A's which are near :+). 
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(a) The 3p, 3d and 4s subshells of both Arsenic and Gallium are filled. They both have 
partially filled 4p subshells. An isolated, neutral Arsenic atom has three electrons in the 
4p subshell, and an isolated, neutral Gallium atom has one electron in the 4p subshell. To 
supply the total of eight shared electrons (for the four bonds connected to each ion in the 
lattice), not only the electrons from 4p must be shared but also the electrons from 4s. The 
core of the Gallium ion has charge q = +3e (due to the "loss" of its single 4p and two 4s 
electrons). 

(b) The core of the Arsenic ion has charge q = +5e (due to the "loss" of the three 4p and 
two 4s electrons). 

(c) As remarked in part (a), there are two electrons shared in each of the covalent bonds. 
This is the same situation that one finds for Silicon (see Fig. 41-10). 


35. (a) The probability that a state with energy E is occupied is given by 

P ( E ) = e (E-E F )/kT +l 

where E F is the Fermi energy, T is the temperature on the Kelvin scale, and k is the 
Boltzmann constant. If energies are measured from the top of the valence band, then the 
energy associated with a state at the bottom of the conduction band is E = 1.11 eV. 
Furthermore, 

kT= (8.62 x 10 5 eV/K)(300 K) = 0.02586 eV. 
For pure silicon, E F = 0.555 eV and 

(E - E F )/kT= (0.555 eV)/(0.02586 eV) = 21.46. 

Thus, 

P(E) = -à—,= 4.79X10 10 . 
e +1 

(b) For the doped semiconductor, 

(E - Ef)/kT = (0. 1 1 eV)/(0.02586 eV) = 4.254 

and 

P(E) = ^à~ = 1.40xl0- 2 . 
e +1 

(c) The energy of the donor state, relative to the top of the valence band, is 1.11 eV - 0.15 
eV = 0.96 eV. The Fermi energy is 1 . 1 1 eV - 0. 1 1 eV = 1 .00 eV. Hence, 


(E - Ef)/kT = (0.96 eV - 1.00 eV)/(0.02586 eV) = - 1.547 

and 

1 


36. (a) n-type, since each phosphoras atom has one more valence electron than a silicon 
atom. 

(b) The added charge carrier density is 

n P = IO" 7 rc si = 10 7 (5 x IO 28 rrf 3 ) = 5 x IO 21 rrf 3 . 

(c) The ratio is 

(5 x IO 21 rrT 3 )/[2(5 x 10 15 nT 3 )] = 5 x 10 5 . 

Here the factor of 2 in the denominator reflects the contribution to the charge carrier 
density from both the electrons in the conduction band and the holes in the valence band. 


37. Sample Problem 41-6 gives the fraction of silicon atoms that must be replaced by 
phosphorus atoms. We find the number the silicon atoms in 1.0 g, then the number that 
must be replaced, and finally the mass of the replacement phosphorus atoms. The molar 
mass of silicon is M si = 28.086 g/mol, so the mass of one silicon atom is 

m o, Sl = M Sl 1 N a = (28.086 g/mol)/(6.022 x IO 23 mor ! ) = 4.66 x 10" 23 g 

and the number of atoms in 1 .0 g is 

N Si =m Si /m 0Si =(1.0g)/(4.66 x IO" 23 g) = 2.14 x IO 22 . 

According to Sample Problem 41-6 one of every 5 x IO 6 silicon atoms is replaced with a 
phosphorus atom. This means there will be 

N p = (2.14 x 10 22 )/(5 x IO 6 ) = 4.29 x 10 15 

phosphorus atoms in 1.0 g of silicon. The molar mass of phosphorus is M p =30.9758 
g/mol so the mass of a phosphorus atom is 

m 0P =M p /N A = (30.9758 g/mol)/(6.022 x 10" 23 mor 1 ) = 5.14 x 10" 23 g. 

The mass of phosphorus that must be added to 1.0 g of silicon is 

m p = N v m 0 p = (4.29 x 10 15 )(5. 14 x 10" 23 g) = 2.2 x 10" 7 g. 


38. (a) The Fermi levei is above the top of the silicon valence band. 

(b) Measured from the top of the valence band, the energy of the donor state is 

E= 1.11 eV-0.11 eV= l.OeV. 

We solve £p from Eq. 41-6: 

E F = J E-Â:rin[/ 3 l -l] = 1.0eV-(8.62xlO" 5 eV/K) (300K)ln 
= 0.744eV. 

(c) NowE= 1.11 eV, so 

P( E ) = l - = l - 

e ^ E ~ E "^l kT + 1 (l.lleV-0.744eV)^(8.62xl(r 5 eV/K)(300K)J 


(5.00 x1o 5 )" 1 -1 


39. The energy received by each electron is exactly the difference in energy between the 
bottom of the conduction band and the top of the valence band (1.1 eV). The number of 
electrons that can be excited across the gap by a single 662-keV photon is 

N=(662 x IO 3 eV)/(l.l eV) = 6.0 x 10 5 . 

Since each electron that jumps the gap leaves a hole behind, this is also the number of 
electron-hole pairs that can be created. 


40. (a) The vertical axis in the graph below is the current in nanoamperes: 


(b) The ratio is 


-0.1 


Í(nA) 

500: 
400: 
300: 
200: 
ioo : 


o.i 


i/=+0.50V 


v=-0.50V 


exp 


+0.50 eV 


(8.62 x IO 5 eV/K)(300K) 


exp 


-0.50 eV 


2.5xl0 8 


(8.62 x IO 5 eV/K)(300K) 


41. The valence band is essentially filled and the conduction band is essentially empty. If 
an electron in the valence band is to absorb a photon, the energy it receives must be 
sufficient to excite it across the band gap. Photons with energies less than the gap width 
are not absorbed and the semiconductor is transparent to this radiation. Photons with 
energies greater than the gap width are absorbed and the semiconductor is opaque to this 
radiation. Thus, the width of the band gap is the same as the energy of a photon 
associated with a wavelength of 295 nm. Noting that hc = 1240eV • nm, we obtain 



1240eV-nm 1240eV-nm 


= 4.20eV. 


X 


295 nm 


42. Since (using hc = 1240eV • nm ) 

hc 1240eV-nm nn , _ 7 

E nhntnr , = — = = 8.86 eV > 7.6 eV, 

photon X 140 nm 

the light will be absorbed by the KCI crystal. Thus, the crystal is opaque to this light. 


43. We denote the maximum dimension (side length) of each transistor as £ m . iX , the size of 
the chip as A, and the number of transistors on the chip as N. Then A = N£ 2 m!iX . Therefore, 



(I.0in.x0.875in.)(2.54xl0" 2 m/in.) 
3.5xl0 6 


= 1.3xKr 5 m = 13//m. 


44. (a) According to Chapter 25, the capacitance is C = ksqAIcI. In our case k = 4.5, A = 
(0.50 |um) , and d = 0.20 |um, so 

ks A (4.5) (8.85 x IO" 12 F/m) (0.50 fjm) 2 
c = k^a = \_)\ = 5.0xl<r 17 F. 

d 0.20 jum 

(b) Let the number of elementary charges in question be N. Then, the total amount of 
charges that appear in the gate is q = Ne. Thus, q = Ne = CV, which gives 

CV (5.0xl0~ 17 F)(l.0V) 

N = — = ± £ ^ = 3.1xl0 2 . 

e 1.6xl0 _19 C 


45. The description in the problem statement implies that an atom is at the center point C 
of the regular tetrahedron, since its four neighbors are at the four vértices. The side length 
for the tetrahedron is given as a = 388 pm. Since each face is an equilateral triangle, the 
"altitude" of each of those triangles (which is not to be confused with the altitude of the 

tetrahedron itself) is K=\a4?> (this is generally referred to as the "slant height" in the 

solid geometry literature). At a certain location along the line segment representing "slant 
height" of each face is the center C of the face. Imagine this line segment starting at atom 
A and ending at the midpoint of one of the sides. Knowing that this line segment bisects 
the 60° angle of the equilateral face, then it is easy to see that C is a distance 

AC=alS . If we draw a line from C ali the way to the farthest point on the 
tetrahedron (this will land on an atom we label B), then this new line is the altitude h of 
the tetrahedron. Using the Pythagorean theorem, 


h = ^a 2 -(AC') 2 =. 


í \ 2 
a 


= a t 


Now we include coordinates: imagine atom B is on the +y axis at y b =h = a^2/3 , and 

atom A is on the +x axis at x a = AC = al \Í3 . Then point C is the origin. The tetrahedron 

center point C is on the y axis at some value y c which we find as follows: C must be 
equidistant from A and B, so 

• "è v 


y b -y t 


I 2 . 2 



which yields y c =al 2^/6 . 

(a) In unit vector notation, using the information found above, we express the vector 
starting at C and going to A as 

_ í ~ a ? a ~ 

Similarly, the vector starting at C and going to B is 


Therefore, using Eq. 3-20, 


6 = cos 1 


Vl r ae|| r fcc|y 


= COS 


which yields 6= 109.5° for the angle between adjacent bonds. 


(b) The length of vector r bc (which is, of course, the same as the length of r ac ) is 

Hl = ^ = 38 f^| = 237.6pm»238p m . 

We note that in the solid geometry literature, the distance f^/f is known as the 
circumradius of the regular tetrahedron. 


46. If we use the approximate formula discussed in Problem 41-27, we obtain 

3(8.62 x 1(T 5 eV/K)(961 + 273 K) nM 

frac = ~ 0.03 . 

2(5.5 eV) 

The numerical approach is briefly discussed in part (c) of Problem 41-27. Although the 
problem does not ask for it here, we remark that numerical integration leads to a fraction 
closer to 0.02. 


47. (a) Setting E = E F (see Eq. 41-9), Eq. 41-5 becomes 

— í a \ m 


N(E F ) = 


SnmJ2m 


h 


16ttV2 


n 


1/3 


Noting that lóV2 = 2 4 2 1/2 = 2 9/2 so that the cube root of this is 2 3/2 = 2V2 , we are able to 
simplify the above expression and obtain 

N(E F ) = ^l[^ên 
h 


which is equivalent to the result shown in the problem statement. Since the desired 
numerical answer uses eV units, we multiply numerator and denominator of our result by 
c 2 and make use of the mc 2 value for an electron in Table 37-3 as well as the value 
/zc = 1240eV-nm: 


N(E F ) = 


(hc) 2 


4(511xlQ 3 eV) 
(1240eV-nm) 2 


n m = (41lnmr z -eV l )n 


1 \ „ 1/3 


which is equivalent to the value indicated in the problem statement. 

(b) Since there are 10 cubic nanometers in a cubic meter, then the result of Problem 41- 
5 may be written as 

n = 8.49 x 10 28 nT 3 = 84.9 nnT 3 . 


The cube root of this is n m « 4.4/nm. Hence, the expression in part (a) leads to 

N(E F ) = (4. 1 lnnT 2 • eV" 1 )(4.4nm 1 ) = 1 8nnT 3 • eV" 1 = 1 .8 x 10 28 nT 3 • eV" 1 . 

If we multiply this by 10 m /nm , we see this compares very well with the curve in Fig. 
41-6 evaluated at 7.0 eV. 


48. (a) For copper, Eq. 41-10 leads to 

— = [pa] Cu = (2 x 10~ 8 Q-m)(4x 1CT 3 IC ') = 8 x 1CT 11 Q-m/ K . 
dT 

(b) For silicon, 

— = [pa] Sl = (3x 10 3 Q-m)(-70x ÍO^KT 1 ) = -2.1 x IO 2 Q-m/ K . 


49. (a) The deriv ative of P(E) is 


(E—E F )/kT 


+ 


0' 


_^_ e (E-E F )/kT . 

dE 


JE-E F )/kT 


+ 


(E—E F )lkT 


kT 


Evaluating this at E = E F we readily obtain the desired result. 

(b) The equation of a line may be written y = mix - x 0 ) where m is the slope (here: equal 
to - 1/kT, from part (a)) and x 0 is the jc-intercept (which is what we are asked to solve for). 
It is clear that P(E F ) = 2, so our equation of the line, evaluated at x = E F , becomes 


2 = (-í/kT)(E F - x 0 ), 


which leads to x Q = E F + 2kT. 


50. According to Eq. 41-6, 

P(E F + AE) — (E F +hE-E F )lkT . i _ AE/kT . i ~~ jt . i 

e F F + 1 e +1 e +1 

where x = AE I kT . Also, 


P(E F + AE) ^(E F —ÁE-E F )/kT + 1 e -AEIkT + j + j " 

Thus, 

P(£ F + AE) + P(E F -AE) = — i — + — i —= eX+1 + e A+1 = i . 
F F e x + l e- x + l (e~ x + l)(e x +1) 

A special case of this general result can be found in Problem 41-6, where AE = 63 meV 
and 

P(E F + 63 meV) + P(E F - 63 meV) = 0.090 + 0.91 = 1.0. 


51. We use the ideal gas law in the forni of Eq. 20-9: 

p = nkT = (8.43 x 10 28 rrT 3 )(1.38xl(T 23 J/K)(300 K) = 3.49xl0 8 Pa = 3.49 x 10 3 atm . 


52. The numerical factor í^^-j is approximately equal to 0.121. 


53. We equate E F with \m e v 2 F and write our expressions in such a way that we can make 
use of the electron mc value found in Table 37-3: 

Vp = pK = c ^K = (3.0xl0 5 km/s) 1 2 ( 7 - 0e y) =l.6xl0 3 km/s. 
V m Vmc 2 "\|5.11xl0 5 eV 


1. Kinetic energy (we use the classical formula since v is much less than c) is converted 
into potential energy (see Eq. 24-43). From Appendix F or G, we find Z = 3 for Lithium 
and Z = 90 for Thorium; the charges on those nuclei are therefore 3e and 90e, 
respectively. We manipulate the terms so that one of the factors of e cancels the "e" in the 
kinetic energy unit MeV, and the other factor of e is set to be 1.6 x 1CT 19 C. We note that 
k = 1/4tí£ 0 can be written as 8.99 x IO 9 V-m/C. Thus, from energy conservation, we 


have 


K 



3.00 x IO 6 eV 


which yields r=1.3xl0 m(or about 130 fm). 


2. Our calculation is similar to that shown in Sample Problem 42-1. We set 

K = 5.30MoV=U =(l/4ne 0 )(q a q c Jr mm ) 


and solve for the closest separation, r m m : 

q a q Ca _kq a q Cu _(2e)(29)(l.60xl0 19 C)(8.99xl0 9 V.m/C) 


r ■ = 

min 


4ks 0 K 4%£ 0 K 5.30xl0 6 eV 

-1-14 


= 1.58x10 " 14 m = 15.8 fm. 

We note that the factor of e in q a = 2e was not set equal to 1.60 x 10" 19 C, but was 
instead allowed to cancel the "e" in the non-SI energy unit, electron-volt. 


3. The conservation laws of (classical kinetic) energy and (linear) momentum determine 
the outcome of the collision (see Chapter 9). The final speed of the «particle is 


v af = \ Au v ai , 

m a +m Au 


and that of the recoiling gold nucleus is 


2m„ 


V Au ;/ = 


™ a + m Au 


(a) Therefore, the kinetic energy of the recoiling nucleus is 


„ 1 2 1 


2m„ 


V m « +m A U y 


V 2 =K 4m Au m a 


= (5.00MeV) 


= 0.390 MeV. 


4(l97u)(4.00u) 
(4.00u+197u) 2 


(b) The final kinetic energy of the alpha particle is 


( m «+^Au) 


v 1 ^ 1 

K af =l 2 m a V af = 


K m a +m AuJ 


K 

^ 7 ai ai 


= (5.00MeV) 
= 4.61MeV. 


A 4.00u-197u^ 2 


v 4.00u + 197u y 


v m « +m A U y 


We note that K af + K Au f = K ai is indeed satisfied. 


4. Using Eq. 42-3 ( r = r Q A ), we estimate the nuclear radii of the alpha particle and Al 
to be 

r a =(1.2xl(T 15 m)(4) 1/3 =1.90xl0~ 15 m 
r M =(1.2x10 - 15 m)(27) 1/3 =3.60x10 15 m. 

The distance between the centers of the nuclei when their surfaces touch is 

r = r a +r Al =1.90x10 ~ 15 m + 3.60xl0 15 m = 5.50xl0 15 m. 

From energy conservation, the amount of energy required is 

K _ 1 g a q M _ (8.99xl0 9 N-m 2 /C 2 )(2xl.6xl0- 19 C)(13xl.6xl0 19 C) 
~ 4tt£ 0 r ~ 5.50 x IO 15 m 

= 1.09 x IO" 12 J = 6.79xl0 6 eV 


5. Kinetic energy (we use the classical formula since v is much less than c) is converted 
into potential energy. From Appendix F or G, we find Z = 3 for Lithium and Z = 1 10 for 
Ds; the charges on those nuclei are therefore 3e and HOe, respectively. From energy 
conservation, we have 

K =U = - ^ Li< ^ Ds 
4tts 0 r 

which yields 

_ 1 q Ll q Ds _ (8.99xl0 9 N-m7c 2 )(3xl.6xl0- 19 C)(110xl.6xl0 19 C) 
r ~4xs 0 K ~ (10.2MeV)(1.60xl0 13 J/MeV) 

= 4.65 x 1CT 14 m = 46.5fm. 


6. (a) Table 42-1 gives the atomic mass of ! H as m = 1.007825 u. Therefore, the mass 
excess for H is 

A = (1.007825 u - 1.000000 u)= 0.007825 u. 

(b) In the unit MeV/c 2 , A = (1.007825 u - 1.000000 u)(931.5 MeV/c 2 -u) = +7.290 MeV/c 2 . 

(c) The mass of the neutron is given in Sample Problem 42-3. Thus, for the neutron, 

A = (1.008665 u - 1.000000 u) = 0.008665 u. 

(d) In the unit Me V/c 2 , 

A = (1.008665 u - 1.000000 u)(931.5 MeV/ c 2 -u) = +8.071 MeV/c 2 . 

(e) Appealing again to Table 42-1, we obtain, for lzu Sn, 

A = (1 19.902199 u - 120.000000 u) = - 0.09780 u. 

(f) In the unit MeV/c 2 , 

A = (119.902199 u - 120.000000 u) (931.5 MeV/ c 2 -u) = - 91.10 MeV/c 2 . 


7. (a) 6 protons, since Z = 6 for carbon (see Appendix F). 
(b) 8 neutrons, since A - Z = 14 - 6 = 8 (see Eq. 42-1). 


8. (a) Since U > O , the energy represents a tendency for the sphere to blow apart. 


(b) For 239 Pu, Q = 94e and R = 6.64 fm. Including a conversion factor for J — > eV we 
obtain 


3 g2 3[94(1.60 x 10 19 C)] 2 (8.99 x 10 9 N • m 2 / C 2 ) 
" ~ 5(6.64 x IO" 15 m) 


20ns 0 r 


= 1.15xl0 9 eV = 1.15GeV. 


leV 


v 1.60xl0 -19 J y 


(c) Since Z = 94, the electrostatic potential per proton is 1.15 Ge V/94 = 12.2 MeV/proton. 

(d) Since A = 239, the electrostatic potential per nucleon is 1.15 Ge V/239 = 4.81 
MeV/nucleon. 


(e) The strong force that binds the nucleus is very strong. 


9. We note that the mean density and mean radius for the Sun are given in Appendix C. 
Since p = M/V where V <x r 3 , we get r cc p~ m . Thus, the new radius would be 


r=R 


í V /3 

Pa. 


= (6.96xl0 8 m) 


1410kg/m 3 
2xl0 17 kg/m 3 


1/3 


= 1.3xl0 4 m. 


10. (a) The atomic number Z = 39 corresponds to the element yttrium (see Appendix F 
and/or Appendix G). 

(b) The atomic number Z = 53 corresponds to iodine. 

(c) A detailed listing of stable nuclides (such as the website http://nucleardata. 
nuclear.lu.se/nucleardata) shows that the stable isotope of yttrium has 50 neutrons (this 
can also be inferred from the Molar Mass values listed in Appendix F). 

(d) Similarly, the stable isotope of iodine has 74 neutrons 

(e) The number of neutrons left over is 235 - 127 - 89 = 19. 


11. (a) For 55 Mnthe mass density is 

_ M _ 0.055kg/mol 


= 2.3xl0 17 kg/m 3 


V 


(b) For 2()9 Bi, 


(4ti/3) (l.2xl(T 15 m)(55) 1/3 ] (ó.02xl0 23 /mol) 


M 


0.209 kg /mol 


= 2.3xl0 17 kg/m 3 . 


v (47r/3)[(l.2xl0" 15 m)(209) 1/3 ] (6.02 x 10 23 / mol) 
(c) Since V ccr 3 = (r 0 A 1/3 ) 3 cc A, we expect p m ccA/VccA/A» const. for ali nuc lides. 


(d) For 55 Mn, the charge density is 


Ze _ (25)(l.6xlQ 19 c) 
V (47r/3)[(l.2xl0- 15 m)(55) 1/3 


= 1.0xl0 25 C/m 3 


(e) For 209 Bi, the charge density is 

_Ze_ (83)(l.6xl0" 19 C) 


V (47r/3)[(l.2xl0 15 m)(209) 1/3 ] 


= 8.8xl0 24 C/m 3 


Note that p q ccZ/V ccZ / A should gradually decrease since A > 2Z for large nuclides. 


12. (a) The mass number A is the number of nucleons in an atomic nucleus. Since 
m p « m n the mass of the nucleus is approximately Am p . Also, the mass of the electrons is 

negligible since it is much less than that of the nucleus. So Aí* Am p . 
(b) For 'H, the approximate formula gives 


M*Am p = (1)( 1.007276 u) = 1.007276 u. 


The actual mass is (see Table 42-1) 1.007825 u. The percentage deviation committed is 
then 


5= (1.007825 u - 1.007276 u)/l .007825 u = 0.054% «0.05%. 


(c) Similarly, for 31 P, 5= 0.81%. 

(d) For 120 Sn, £=0.81%. 

(e) For 197 Au, õ= 0.74%. 

(f) For 239 Pu, £=0.71%. 


(g) No. In a typical nucleus the binding energy per nucleon is several MeV, which is a bit 
less than 1% of the nucleon mass times c . This is comparable with the percent error 
calculated in parts (b) - (f) , so we need to use a more accurate method to calculate the 
nuclear mass. 


13. (a) The de Broglie wavelength is given by X = h/p, where p is the magnitude of the 
momentum. The kinetic energy K and momentum are related by Eq. 38-51, which yields 


pc = ^K 2 + 2Kmc 2 = ^(200 MeV) 2 + 2(200 MeV)(0.5 1 1 MeV) = 200.5 MeV. 

Thus, 

hc 1240eV-nm _j 

À = — = z = 6.18x10 nm«6.2fm. 

pc 200.5 x IO 6 eV 

(b) The diameter of a copper nucleus, for example, is about 8.6 fm, just a little larger than 
the de Broglie wavelength of a 200-MeV electron. To resolve detail, the wavelength 
should be smaller than the target, ideally a tenth of the diameter or less. 200-MeV 
electrons are perhaps at the lower limit in energy for useful probes. 


14. We first "separate" ali the nucleons in one copper nucleus (which amounts to simply 
calculating the nuclear binding energy) and then figure the number of nuclei in the penny 
(so that we can multiply the two numbers and obtain the result). To begin, we note that 
(using Eq. 42-1 with Appendix F and/or G) the copper-63 nucleus has 29 protons and 34 
neutrons. We use the more accurate values given in Sample Problem 42-3: 

AE he = (29(1.007825 u) + 34(1.008665 u) - 62.92960 u)(93 1.5 MeV / u) = 55 1.4 MeV. 


To figure the number of nuclei (or, equivalently, the number of atoms), we adapt Eq. 
42-21: 

1(6.02 x IO 23 atoms / mol) * 2.9 x IO 22 atoms. 


^Cu = 


3.0 g 


62.92960 g/ mol 


Therefore, the total energy needed is 


/V Cu A£ be = (551.4MeV)(2.9 x IO 22 ) = 1.6 x IO 25 MeV. 


15. Let/24 be the abundance of Mg, let/25 be the abundance of Mg, and let/ó be the 
abundance of 26 Mg. Then, the entry in the periodic table for Mg is 

24.312 = 23.98504/24 + 24.98584/25 + 25.98259/26. 

Since there are only three isotopes, / 24 +/ 25 +/ 26 = 1. We solve for/25 and/26. The second 
equation gives f 26 = l-/ 24 -f 25 We substitute this expression and/24 = 0.7899 into the 
first equation to obtain 

24.312 =(23.98504)(0.7899) + 24.98584/ 25 + 25.98259-(25.98259)(0.7899) - 25.98259/ 25 . 
The solution is/ 25 = 0.09303. Then, 

f 26 = l _ 0.7899 - 0.09303 = 0.1171. 78.99% 
of naturally occurring magnesium is 24 Mg. 

(a) Thus, 9.303% is 25 Mg. 

(b) 11.71% is 26 Mg. 


16. (a) The first step is to add energy to produce 4 He— > p+ 3 H, which — to make the 
electrons "balance" — may be rewritten as 4 He— >'H+ 3 H. The energy needed is 

AE l =(«%+m, H -m 4He )c 2 = (3.01605 u+1.00783u -4.00260u)(931.5MeV/u) 
= 19.8MeV. 

(b) The second step is to add energy to produce 3 H — > n+ 2 H. The energy needed is 

AE 2 =(m 2}i +m n -m J}i )c 2 = (2.01410u+1.00867u-3.01605u)(931.5MeV/u) 
= 6.26 MeV. 

(c) The third step: 2 H— > p + n, which — to make the electrons "balance" — may be 
rewritten as 2 H— ^H + n. The workrequired is 

A£ 3 =(m, H +m„ -m 2H )c 2 =(l.00783u + 1.00867u-2.01410u)(931.5MeV/u) 
= 2.23MeV. 

(d) The total binding energy is 

AE he =AE l +AE 2 +AE 3 = 19.8 MeV + 6.26 MeV + 2.23 MeV = 28.3 MeV. 

(e) The binding energy per nucleon is 

A£ ben = AE he I A = 28.3 MeV / 4 = 7.07 MeV. 

(f) No, the answers do not match. 


17. The binding energy is given by 

AE be =[Zm H +(A-Z)m n -M Pu ]c 2 , 

where Z is the atomic number (number of protons), A is the mass number (number of 
nucleons), m H is the mass of a hydrogen atom, m n is the mass of a neutron, and M Pu is the 
mass of a gfPu atom. In principie, nuclear masses should be used, but the mass of the Z 
electrons included in ZM# is canceled by the mass of the Z electrons included in Mp u , so 
the result is the same. First, we calculate the mass difference in atomic mass units: 

Am = (94)(1.00783 u) + (239 - 94)(1. 00867 u) - (239.05216 u) = 1.94101 u. 

Since 1 u is equivalent to 931.5 MeV, 

AE be = (1.94101 u)(931.5 MeV/u) = 1808 MeV. 

Since there are 239 nucleons, the binding energy per nucleon is 


A£ ben = EIA = (1808 MeV)/239 = 7.56 MeV. 


18. From Appendix F and/or G, we find Z = 107 for Bohrium, so this isotope has /V = 
A - Z = 262 - 107 = 155 neutrons. Thus, 

= (Zm H +Nm n -m Bh )c 2 
A 

((107) (1 .007825 u) + (155) (l .008665 u ) - 262. 123 1 u) (93 1 .5 MeV/u ) 

262 

which yields 7.31 MeV per nucleon. 


19. If a nucleus contains Zprotons and Af neutrons, its binding energy is 

A£ be = (Zm H + Nm n - m)c 2 , 

where m H is the mass of a hydrogen atom, m n is the mass of a neutron, and m is the mass 
of the atom containing the nucleus of interest. If the masses are given in atomic mass 
units, then mass excesses are defined by A H = [m H -l)c 2 , A n = [m n -l)c 2 , and 

m-A)c . This means m H c =A H +c , m n c =A n +c , and mc = A + Ac . Thus, 

E = (ZA H + NA n - A) + (Z + N - A) c 2 = ZA H + NA n - A , 

whereA = Z + Nisused. For '^Au, Z = 79 and N= 197 - 79 = 118. Hence, 

A£ be = (79)(7.29 MeV) + (1 1 8)(8.07 MeV) - (-3 1.2 MeV) = 1560 MeV. 
This means the binding energy per nucleon is AE ben = (1560 MeV) / 197 = 7.92 MeV. 


20. The binding energy is given by 


A£ be =[Zm H +(A-Z)m n -M Rf ]c 2 , 

where Z is the atomic number (number of protons), A is the mass number (number of 
nucleons), m# is the mass of a hydrogen atom, m n is the mass of a neutron, and M Rf is 

the mass of a jj^Rf atom. In principie, nuclear masses should be used, but the mass of 
the Z electrons included in ZM H is canceled by the mass of the Z electrons included in 
M Rf , so the result is the same. First, we calculate the mass difference in atomic mass 
units: 

Am = (104)(1.007825 u) + (259 - 104)(1.008665 u) - (259.10563 u) = 2.051245 u. 
Since 1 u is equivalent to 931.494013 MeV, 

AE be = (2.051245 u)(931.494013 MeV/u) = 1910.722 MeV. 
Since there are 259 nucleons, the binding energy per nucleon is 


A£ ben = EIA = (1910.722 MeV)/259 = 7.38 MeV. 


21. (a) Since the nuclear force has a short range, any nucleon interacts only with its 
nearest neighbors, not with more distant nucleons in the nucleus. Let ./Vbe the number of 
neighbors that interact with any nucleon. It is independent of the number A of nucleons in 
the nucleus. The number of interactions in a nucleus is approximately NA, so the energy 
associated with the strong nuclear force is proportional to N A and, therefore, 
proportional to A itself . 

(b) Each proton in a nucleus interacts electrically with every other proton. The number of 
pairs of protons is Z(Z - l)/2, where Z is the number of protons. The Coulomb energy is, 
therefore, proportional to Z(Z - 1). 

(c) As A increases, Z increases at a slightly slower rate but Z 2 increases at a faster rate 
than A and the energy associated with Coulomb interactions increases faster than the 
energy associated with strong nuclear interactions. 


22. The binding energy is given by 

AE he =[Zm H +(A-Z)m n -M Eu ]c 2 , 

where Z is the atomic number (number of protons), A is the mass number (number of 
nucleons), m# is the mass of a hydrogen atom, m n is the mass of a neutron, and M Eu is 

the mass of a ^ Eu atom. In principie, nuclear mas ses should be used, but the mass of 
the Z electrons included in ZM H is canceled by the mass of the Z electrons included in 
M Eu , so the result is the same. First, we calculate the mass difference in atomic mass 

units: 

Am = (63)(1.007825 u) + (152 - 63)(1. 008665 u) - (151.921742 u) = 1.342418 u. 
Since 1 u is equivalent to 931.494013 MeV, 

A£ be = (1.342418 u)(931.494013 MeV/u) = 1250.454 MeV. 
Since there are 152 nucleons, the binding energy per nucleon is 


A£ ben = EIA = (1250.454 MeV)/152 = 8.23 MeV. 


23. It should be noted that when the problem statement says the "masses of the proton 
and the deuteron are ..." they are actually referring to the corresponding atomic masses 
(given to very high precision). That is, the given masses include the "orbital" electrons. 
As in many computations in this chapter, this circumstance (of implicitly including 
electron masses in what should be a purely nuclear calculation) does not cause extra 
difficulty in the calculation (see remarks in Sample Problems 42-4, 42-6, and 42-7). 
Setting the gamma ray energy equal to A^be, we solve for the neutron mass (with each 
term understood to be in u units): 


E. 


2.2233 


m n =M d -m H + 


f = 2.013553212 - 1 .007276467 + 


931.502 


c 


= 1.0062769 + 0.0023868 


which yields m n = 1.0086637 u « 1.0087 u. 


24. The binding energy is given by 

AE be =[Zm H +(A-Z)m n -M Am ]c 2 , 

where Z is the atomic number (number of protons), A is the mass number (number of 
nucleons), m H is the mass of a hydrogen atom, m n is the mass of a neutron, and M Am is 

the mass of a 2 ^Am atom. In principie, nuclear masses should be used, but the mass of 
the Z electrons included in ZM H is canceled by the mass of the Z electrons included in 
, so the result is the same. First, we calculate the mass difference in atomic mass 

units: 

Am = (95)(1.007825 u) + (244 - 95)(1.008665 u) - (244.064279 u) = 1.970181 u. 
Since 1 u is equivalent to 931.494013 MeV, 

AE be = (1.970181 u)(931.494013 MeV/u) = 1835.212 MeV. 
Since there are 244 nucleons, the binding energy per nucleon is 


AE ben = EIA = (1835.212 MeV)/244 = 7.52 MeV. 


25. (a) The decay rate is given by R = XN, where X, is the disintegration constant and N is 
the number of undecayed nuclei. Initially, R = R () = XN (j , where A^o is the number of 

undecayed nuclei at that time. One must find values for both No and X. The disintegration 
constant is related to the half-life T m by 

X=(ln2)/r i/2 = (ln 2)/(78h) = 8.89x10 ^ '. 

If M is the mass of the sample and m is the mass of a single atom of gallium, then No = 
Mim. Now, 


and 


m = (67 u)(1.661 x IO -24 g/u) = 1.113 x lCT 22 g 


7Y 0 = (3.4 g)/(1.113 x l(T 22 g) = 3.05 x IO 22 . 


Thus, 

(b) The decay rate at any time t is given by 


#o = (8.89x 10" 3 h" 1 ) (3.05 x IO 22 ) = 2.71 x 10 20 h _1 = 7.53 x IO 16 s" 1 . 


R = R Q e~ Xl 

where R 0 is the decay rate at t = 0. At t = 48 h, Xt = (8.89 x 10" 3 h" l ) (48 h) = 0.427 and 


R = (7.53 x IO 16 s" 1 )e"° 427 = 4.91 x IO 16 s" 


26. We note that t = 24 h is four times Tm = 6.5 h. Thus, it has reduced by half, four-fold: 

'1 V 

- (48xl0 19 ) = 3.0xl0 19 . 


27. (a) The half-life Tm and the disintegration constant are related by Tm = (ln 2)/X, so 

T l/2 = (ln 2)/(0.0108 h - ! ) = 64.2 h. 
(b) At time t, the number of undecayed nuclei remaining is given by 

N = N 0 e- Xl =N Q e- {ln2) " Til2 . 
We substitute t = 3Tm to obtain 

^ = e- 31n2 =0.125. 

In each half-life, the number of undecayed nuclei is reduced by half. At the end of one 
half-life, /V = AV2, at the end of two half-lives, /V = No/4, and at the end of three half-lives, 
N = No/S = 0.125N 0 . 


(c) We use 


N = N 0 e~ Xt . 


Since 10.0 d is 240 h, Xt = (0.0108 h" l ) (240 h) = 2.592 and 


N -2.592 


= e~ z = 0.0749. 


28. Using Eq. 42-15 with Eq. 42-18, we find the fraction remaining: 

N = e -tln2/T l/2 = e -301n2/29 = Q 49 


29. (a) Since 60 y = 2(30 y) = 271/2, the fraction left is T 1 = 1/4 = 0.250. 

(b) Since 90 y = 3(30 y) = 371/2, the fraction that remains is 2~ 3 = 1/8 = 0.125. 


30. By the definition of half-life, the same has reduced to \ its initial amount after 140 d. 
Thus, reducing it to \ = (y) of its initial number requires that two half-lives have passed: 
t = 2T m = 280 d. 


31. The rate of decay is given by R - XN, where X is the disintegration constant and ./Vis 
the number of undecayed nuclei. In terms of the half-life Tm, the disintegration constant 
is X = (ln 2)IT\i2, so 

_ R _ RT m _ (6000 Ci)(3.7 x 10 10 s" 1 / Ci)(5.27 y)(3.16 x IO 7 s / y) 
X ln2 ln2 


= 5.33 x 10 nuclei. 


32. (a)Weadapt Eq. 42-21: 


0.002g 
239g/mol 


(6.02x IO 23 nuclei/mol) « 5.04x IO 18 nuclei. 


(b) Eq. 42-20 leads to 


R _Nln2 _ 5xlO l8 ln2 _ 1 A 1Al4 


T m 2.41 x IO 4 y 


= 1.4xl0 14 /y 


which is equivalent to 4.60 x 10 /s = 4.60 x 10 Bq (the unit becquerel is defined in §42- 
3). 


33. Using Eq. 42-16 with Eq. 42-18, we find the initial activity: 

R Q = Re na2IT ^ = (7.4 x IO 8 Bq)e 241n2/83 61 = 9.0 x IO 8 Bq. 


34. (a) Molybdenum beta decays into Technetium: 


£Mo-^Tc + e- + v 


(b) Each decay corresponds to a photon produced when the Technetium nucleus de- 
excites [note that the de-excitation half-life is much less than the beta decay half-life]. 
Thus, the gamma rate is the same as the decay rate: 8.2 x 10 7 /s. 


(c) Eq. 42-20 leads to 


N _ RT l/2 _ (38/s)(6.0h)(3600s/h) _ n ;iQ6 
ln 2 ln 2 


35. (a) We assume that the chlorine in the sample had the naturally occurring isotopic 
mixture, so the average mass number was 35.453, as given in Appendix F. Then, the 
mass of 226 Ra was 

99 

m = (0.10g) = 76.1 x 10 3 g. 

226 + 2(35.453) 

The mass of a 226 Ra nucleus is (226 u)(1.661 x 1CT 24 g/u) = 3.75 x 1CT 22 g, so the number 
of 6 Ra nuclei present was 

tf = (76.1 x 1CT 3 g)/(3.75 x l(T 22 g) = 2.03 x IO 20 , 
(b) The decay rate is given by 

R = NX = (Nln 2)IT m , 

where X is the disintegration constant, Tm is the half-life, and tf is the number of nuclei. 
The relationship X = (ln T)IT\n is used. Thus, 


(2.03 x IO 20 ) ln 2 Q , 

R = K —, '— n r = 2.79 x 10 s" 1 

(1600y)(3.156xl0 7 s/y) 


36. The number of atoms present initially at t = 0 is N 0 = 2.00 x IO 6 . From Fig. 42-19, 
we see that the number is halved at t = 2.00 s. Thus, using Eq. 42-15, we find the decay 
constant to be 


Ã=-\n 
t 


'AO 


1 


2.00 s 


-ln 


r N ^ 


1 


2.00 s 


ln 2 = 0.3466 s" 


At t = 27.0 s , the number of atoms remained is 


N = N Q e- À ' = (2.00xl0 6 )e- ((O466/s)(27 ' 0s) * 173 . 


Using Eq. 42-17, the decay rate is 


R = ÃN = (0.3466 / s)(173) » 60/ s = 60 Bq . 


37. (a) Eq. 42-20 leads to 


„ ln2 A7 ln 2 
R = N = - 


[ l/2 


30.2y 


M. 


V m atom J 


ln2 


9.53xl0 8 s 


O.OOlOkg 


137xl.661xl(T 27 kg 


= 3.2xl0 12 Bq 


(b) Using the conversion factor 1 Ci = 3.7xl0 1() Bq, R = 3.2xl0 12 Bq.=86Ci. 


38. Adapting Eq. 42-21, we have 


iv Kr — ly * ~ 


M 


Kr 


20 x 10-9 g 
92g/mol 


6.02 x 10 23 atoms/mol) = 1 .3 x IO 14 atoms. 


Consequently, Eq. 42-20 leads to 


N\n2 Í1.3xl0 14 )ln2 
í= — = ^ '- = 4.9xl0 13 Bq. 


1.84 s 


39. The number ./V of undecayed nuclei present at any time and the rate of decay R at that 
time are related by R = XN, where X is the disintegration constant. The disintegration 
constant is related to the half-life Tm by X = (ln 2)/Ty 2 , so R = (N ln T)IT\n and 


T m = (N In 2)IR. 

Since 15.0% by mass of the sample is 147 Sm, the number of 147 Sm nuclei present in the 
sample is 

K= (0.150)(1.00g) 143xloM 
(147u)(l.661xl0" 24 g/u) 

Thus, 

(6.143xl0 20 )ln2 

T m = ± r 1 = 3.55 x 10 s = 1.12 x 10 11 y. 

1/2 120 s 1 


40. With T m = 3.0 h = 1.08 x IO 4 s, the decay constant is (using Eq. 42-18) 


ln 2 ln 2 _ , 

A = = r- = 6.42x10 / s . 

T m 1.08xl0 4 s 


Thus, the number of isotope parents injected is 


y 0l 

Ã 6.42 x IO" 3 /s 


N _R_ (8.60x 10- 6 Ci)(3.7 x 10 10 Bq/Ci) _ /| % ^ 1q9 


41. Using Eq. 42-15 and Eq. 42-18 (and the fact that mass is proportional to the number 
of atoms), the amount decayed is 


I Am I = m 


f f =16.0h 


■m 


= m 0 (e-'' ln2/r " 2 -^ ln2/r -) = (5.50g) [e 


•(16.0A/12.7h) ln 2 -(l4.0h/12.7h) ln 2 


= 0.265g. 


32 33 

42. We label the two isotopes with subscripts 1 (for P) and 2 (for P). Initially, 10% of 
the decays come from 33 P, which implies that the initial rate R 02 = 9i?oi- Using Eq. 42-17, 
this means 

R m = X 1 N m = -R 02 = -X 2 N Q2 . 

At time t, we have R 1 = R 01 e ^''and R 2 = R ()2 e ~ Xl '. We seek the value of t for which R\ = 
9R 2 (which means 90% of the decays arise from 33 P). We divide equations to obtain 

{R 0l /R 02 )e- {x ^ )t =9, 

and solve for t: 


t = 


1 


A,, — A,, 


= 209d. 


-In 


V ^02 J 


ln(R 0l /9R 02 ) 


ln 

ji/9) 2 ; 


ln2/r i/2 -ln2/r i/22 

ln 2 

(I4.3d) _1 -(25.3d) _1 


43. If N is the number of undecayed nuclei present at time t, then 

dt 

where R is the rate of production by the cyclotron and X is the disintegration constant. 
The second term gives the rate of decay. Rearrange the equation slightly and integrate: 


= dt 

Jn »R-XN Jo 

where No is the number of undecayed nuclei present at time t = 0. This yields 


We solve for A^: 


1 R-XN 
— ln = t. 

X R-XN n 


X 


After many half-lives, the exponential is small and the second term can be neglected. 
Then, iV = R/X, regardless of the initial value A^ 0 . At times that are long compared to the 
half-life, the rate of production equals the rate of decay and Af is a constant. 


44. We have one alpha particle (helium nucleus) produced for every plutonium nucleus 
that decays. To find the number that have decayed, we use Eq. 42-15, Eq. 42-18, and 
adapt Eq. 42-21: 

N 0 - N = N 0 (l- e-' ln2IT - ) = N A 12 -°g /mol (i _ e -2oooo.„ 2 /24io<A 
0 n ' A 239g/mol V ' 


where Na is the Avogadro constant. This yields 1.32 x 10 alpha particles produced. In 
terms of the amount of helium gas produced (assuming the a particles slow down and 
capture the appropriate number of electrons), this corresponds to 


45. (a) The sample is in secular equilibrium with the source and the decay rate equals the 
production rate. Let R be the rate of production of 56 Mn and let X be the disintegration 
constant. According to the result of Problem 42-43, R = XN after a long time has passed. 
Now, XN = 8.88 x IO 10 s" \ so R = 8.88 x IO 10 s" \ 

(b) We use N = R/X If Ty 2 is the half-life, then the disintegration constant is 

X = (ln 2)/T m = (ln 2)/(2.58 h) = 0.269 h" 1 = 7.46 x s" \ 
soiV=(8.88x 10 10 s _1 )/(7.46x 10" 5 s" ! ) = 1.19 x 10 15 . 

(c) The mass of a 56 Mn nucleus is 

m = (56 u) (1.661 x IO" 24 g/u) = 9.30 x IO" 23 g 
and the total mass of 56 Mn in the sample at the end of the bombardment is 
Nm = (1.19 x 10 15 )(9.30x IO" 23 g) = 1.11 x 10" 7 g. 


46. Combining Eqs. 42-20 and 42-21, we obtain 


M =N Mk 

- 1 com " 


RT ll2 > 
v ln2 y 


40g/mol 
6.02 x 10 23 / mol 


which gives 0.66 g for the mass of the sample once we plug in 1.7 x 10 Is for the decay 
rate and 1.28 x IO 9 y = 4.04 x IO 16 s for the half-life. 


47. We note that 3.82 days is 330048 s, and that a becquerel is a disintegration per second 
(see §42-3). From Eq. 34-19, we have 


N RT, 


1/2 


V Vln2 


155x10- 


Bq 

m 3 ; 


330048 s _ ^ ^ ^ ^Q 10 atoms 


ln 2 


m 


where we have divided by volume v. We estimate v (the volume breathed in 48 h 
2880 min) as follows: 


LitersV lm 3 V.„breaths^ 


breath 


1000 L 


40- 


min ) 


(2880 min) 


which yields v « 200 m . Thus, the order of magnitude of Af is 


(V)« 


7x10 


10 


atoms i 


m 


J (200m 3 )«lx 10 13 atoms. 


48. (a) The nuclear reaction is written as 238 U— > 234 Th + 4 He. The energy released is 

AE, ={m u -m He -m Th )c 2 

= (238.05079 u - 4.00260 u - 234.04363 u)(93 1.5 MeV / u) 
= 4.25MeV. 

(b) The reaction series consists of 238 U— > 237 U + n, followedby 

237 U^ 236 Pa + p 

236p a ^235p a + n 

235 Pa-> 234 Th + p 

The net energy released is then 

AE 2 =(m 238 u -m 237 u -m„)c 2 +(m 237 u -m^^-m^c 2 

+ [m 236 pi -m 235 pa -m n )c 2 +(m 235pi -m 23ÍTh -m p )c 2 
= (m 238 u -2m n -2m p -m 234Th )c 2 

= [238.05079 u - 2(1.00867 u) - 2(1.00783 u) - 234.04363 u](93 1.5 MeV / u) 
= -24.1 MeV. 

(c) This leads us to conclude that the binding energy of the a particle is 

\{2m n +2m p -m He )c 2 | = |-24.1 MeV- 4.25 MeV| = 28.3 MeV. 


49. The fraction of undecayed nuclei remaining after time t is given by 

N -Xt _ -(ln2)f/r, 


N 0 


= e = e ' 1,2 


where A, is the disintegration constant and Tm (= (ln 2)IX) is the half-life. The time for 
half the original ^ U nuclei to decay is 4.5 x 10 y. 

(a) For 244 Pu at that time, 

(ln2)í_(ln 2)(4.5xl0 9 y) 
T m ~ 8.0xl0 7 y 

and 


= 39 


= e- 390 ^1.2xlO- 17 . 


(b) For 248 Cm at that time, 

(In2> _ (ln2)(4.5xl0 9 y) _ 9i70 
T m 3.4 x 10 5 y 

and 

N 


N 0 


= e- 9170 =3.31xl(T 3983 . 


For any reasonably sized sample this is less than one nucleus and may be taken to be zero. 
A standard calculator probably cannot evaluate e~ 1 directly. Our recommendation is to 
treatitas( e - 9L70 ) 100 


50. (a) For the first reaction 


Q l =(m Rã -m pb -m c )c 2 =(223.01850u-208.98107u-14.00324u)(931.5MeV/u) 
= 31.8MeV. 


(b) For the second one 

Q2 = ( m Ra - m Rn " m H e ) c 2 = ( 223. 01 850 u - 219.00948 u - 4.00260 u ) ( 93 1 .5 MeV/u ) 
= 5.98MeV. 


(c) From U <x qiqilr, we get 


<?Pb4c 


V^Rn ^He ) 


^ = (30.0 MeV) ( 82g )( 6 - 0e ) = 86 MeV . 


(86e)(2.0e) 


51. Energy and momentum are conserved. We assume the residual thorium nucleus is in 
its ground state. Let K a be the kinetic energy of the alpha particle and Kj^ be the kinetic 
energy of the thorium nucleus. Then, Q = K a + Kj^. We assume the uranium nucleus is 
initially at rest. Then, conservation of momentum yields 0 = p a + pxh, where p a is the 
momentum of the alpha particle and p T h is the momentum of the thorium nucleus. 
Both particles travei slowly enough that the classical relationship between momentum 
and energy can be used. Thus K n = p^ h I Im^ , where m T h is the mass of the thorium 
nucleus. We substitute pxh = - Pa and use K a = p 2 a /2m a to obtain Kjh = {mJmr^)K a . 
Consequently, 


4.00u 


Q = K a + 


m. 


~K a = 1 + 


m 


J a 


(4.196MeV) = 4.269MeV. 


m. 


Th 


V 


234u 


52. (a) The disintegration energy for uranium-235 "decaying" into thorium-232 is 

Q 3 =(m 2 3 5 u -m 232Th -m 3He )c 2 =(235.0439u-232.0381u-3.0160u)(931.5MeV/u) 
= -9.50MeV. 

(b) Similarly, the disintegration energy for uranium-235 decaying into thorium-231 is 

Q 4 =( m 23 5u -m 23lTh -m 4He )c 2 =(235.0439 u- 23 1.0363 u- 4.0026 u) (93 1.5 MeV/u) 
= 4.66MeV. 

(c) Finally, the considered transmutation of uranium-235 into thorium-230 has a g-value 
of 

ô 5 =(m 235 u -m 230 Th -m 5He )c 2 =(235.0439u-230.0331u-5.0122u)(931.5MeV/u) 
= -1.30MeV. 

Only the second decay process (the adecay) is spontaneous, as it releases energy. 


53. The decay scheme is n — > p + e~ + v. The electron kinetic energy is a maximum if no 
neutrino is emitted. Then, 

^max = (m„ - m p - m e )c 2 , 

where m n is the mass of a neutron, m p is the mass of a proton, and m e is the mass of an 
electron. Since m p + m e = m H , where m H is the mass of a hydrogen atom, this can be 
written ^ max = (m n - m H )c 2 . Hence, 

K max = (840 x IO" 6 u)c 2 = (840 x IO" 6 u)(931.5 Me V/u) = 0.783 MeV. 


54. (a) We recall that mc =0.511 MeV from Table 37-3, and hc = 1240 MeV-fm. Using 
Eq. 37-54 and Eq. 38-13, we obtain 


X — ^ - ^ C 


P ^K 2 +2Kmc 2 

1240 MeV -fm 

^(1.0 MeV) 2 + 2(1.0 MeV)(0.5 1 1 MeV) 


= 9.0xl0 2 fm 


(b) r = r () A 1/3 = (1.2 fm)(150) 1/3 = 6.4 fm. 

(c) Since Xy> r the electron cannot be confined in the nuclide. We recall that at least X/2 
was needed in any particular direction, to support a standing wave in an "infinite well." A 
finite well is able to support slightly less than X/2 (as one can infer from the ground state 
wavefunction in Fig. 39-6), but in the present case X/r is far too big to be supported. 


(d) A strong case can be made on the basis of the remarks in part (c), above. 


55. Let Mc s be the mass of one atom of 55 Cs and M Ba be the mass of one atom of 
'jgBa. To obtain the nuclear masses, we must subtract the mass of 55 electrons from M Cs 
and the mass of 56 electrons from M Ba . The energy released is 

Q = [(Mc* - 55m) - (Mb a - 56m) - m] c 2 , 

where m is the mass of an electron. Once cancellations have been made, Q = (M Cs - 
M Ba )c 2 is obtained. Therefore, 


g = [l36.9071u-136.9058u]c 2 =(0.0013u)c 2 =(0.0013u)(931.5MeV/u) 
= 1.21MeV. 


56. Assuming the neutrino has negligible mass, then 

Ame 2 = (m Ti - m v - m e )c 2 . 

Now, since Vanadium has 23 electrons (see Appendix F and/or G) and Titanium has 22 
electrons, we can add and subtract 22m e to the above expression and obtain 

Ame 2 = (m Ti +22m e -m v -23m e )c 2 = [m Ti -m v )c 2 . 

We note that our final expression for Ame 2 involves the atomic masses, and that this 
assumes (due to the way they are usually tabulated) the atoms are in the ground states 
(which is certainly not the case here, as we discuss below). The question now is: do we 
set Q = - Ame as in Sample Problem 42-7? The answer is "no." The atom is left in an 
excited (high energy) state due to the fact that an electron was captured from the lowest 
shell (where the absolute value of the energy, E K , is quite large for large Z). To a very 
good approximation, the energy of the ÃT-shell electron in Vanadium is equal to that in 
Titanium (where there is now a "vacancy" that must be filled by a readjustment of the 
whole electron cloud), and we write Q = -Ame 2 -E K so that Eq. 42-26 still holds. Thus, 


g = (m v -m Tl )c 2 -E 


57. (a) Since the positron has the same mass as an electron, and the neutrino has 
negligible mass, then 

Ame 2 = (m B +m e -m c )c 2 . 

Now, since Carbon has 6 electrons (see Appendix F and/or G) and Boron has 5 electrons, 
we can add and subtract 6m e to the above expression and obtain 

Ame 2 = (m B +7m^ m c -6m e )c 2 = (m B +2m e -m c )c 2 . 

We note that our final expression for Ame involves the atomic masses, as well an "extra" 
term corresponding to two electron masses. From Eq. 37-50 and Table 37-3, we obtain 

Q = (m c - m B - 2m e )c 2 =(m c -m B )c 2 - 2(0.5 1 1 MeV). 

(b) The disintegration energy for the positron decay of Carbon- 1 1 is 

2 = (ll.011434u-11.009305u)(931.5MeV/u)-1.022MeV 
= 0.961 MeV. 


58. (a) The rate of heat production is 
dE 


dt 


1=1 


í=i 


ln 2 
T 


(LOOkg)/, 


m. 


(l.00kg)(ln 2)(1.60 x IO" 13 J / MeV) 


(3.15 x IO 7 s / y)(l.661 x IO" 27 kg / u) 


(4xlCT 6 )(51.7MeV) 
(238u)(4.47xl0 9 y) 


(13 x lCT 6 )(42.7MeV) (4 x l(T 6 )(l.31MeV) 
(232u)(l.41 x 10 10 y) (40u)(l.28 x IO 9 y) 
= 1.0xl0 -9 W. 


(b) The contribution to heating, due to radioactivity, is 

P = (2.7 x IO 22 kg)(1.0 x IO" 9 W/kg) = 2.7 x 10 13 W, 


which is very small compared to what is received from the Sun. 


59. Since the electron has the maximum possible kinetic energy, no neutrino is emitted. 
Since momentum is conserved, the momentum of the electron and the momentum of the 
residual sulfur nucleus are equal in magnitude and opposite in direction. If p e is the 
momentum of the electron and p s is the momentum of the sulfur nucleus, then p s = - p e . 
The kinetic energy K s of the sulfur nucleus is 


where M s is the mass of the sulfur nucleus. Now, the electron' s kinetic energy K e is 
related to its momentum by the relativistic equation (p e c) 2 = K 2 + 2K e mc 2 , where m is 
the mass of an electron. Thus, 


K s =p 2 s l2M s =p 2 e l2M 


S ' 


_ {p e c) _ K 2 +2K e mc 2 _ 
~ 2M s c 2 ~ 2M s c 2 

= 7.83 x 1(T 5 MeV = 78.3eV 


(1 .7 1 MeV) 2 + 2(1.7 1 MeV)(0.5 1 1 MeV) 


2(32 u)(93 1.5 MeV/u) 


2 

where mc = 0.51 1 MeV is used (see Table 37-3). 


60. We solve for t from R = Roe~ M : 


t = — ln— 5- = 


5730y^ 
ln2 


ln 


15.3 


5.00 


63.0 A 1-00 J 


1.61 x 10 3 y. 


61. (a) The mass of a 238 U atom is (238 u)(1.661 x 10 24 g/u) = 3.95 x IO -22 g, so the 
number of uranium atoms in the rock is 

N v = (4.20 x 10~ 3 g)/(3.95 x IO" 22 g) = 1.06 x IO 19 . 

(b) The mass of a 206 Pb atom is (206 u)(1.661 x IO" 24 g) = 3.42 x IO -22 g, so the number 
of lead atoms in the rock is 

N Pb = (2.135 x 10" 3 g)/(3.42 x IO" 22 g) = 6.24 x 10 18 . 

(c) If no lead was lost, there was originally one uranium atom for each lead atom formed 
by decay, in addition to the uranium atoms that did not yet decay. Thus, the original 
number of uranium atoms was 

N m = Nu + N Pb = 1.06 x IO 19 + 6.24 x 10 18 = 1.68 x IO 19 . 


(d) We use 


N v = N uo e 


-At 


where X is the disintegration constant for the decay. It is related to the half-life T V2 by 
2 = (ln2)/r i/2 . Thus, 


1 , 

t = ln 

Â 


N r 


\N uoJ 


T 

= -i!«ln 
ln2 


JV u 


A Al x 10 y 
ln2 


ln 


19 \ 


1.06 x 10 
1.68 x IO 19 


= 2.97 x 10 y. 


62. The original amount of U the rock contains is given by 


, . (ln2)Í260xl0 6 yVÍ4.47xl0 9 yl 

m 0 =me At =(3.70 mg) e 1 n J = 3.85 mg. 


Thus, the amount of lead produced is 


í \ 

m 2Q6 


^206^ 


m' = (m 0 -m) = (3.85 mg -3.70 mg) =0.132mg 


V238y 


63. We can find the age t of the rock from the masses of U and Pb. The initial mass 


of 238 Uis 


Therefore, 


We solve for t: 


ln 2 


238 

m Un = m U + m Pb- 

u 0 u 2Q6 Pb 


m v =m v e Ã "' = (m u +m 238pb /206)^ ( " n2)/r " 2 " . 


mu +(238/206)m pb 


4.47 x IO 9 y 
In~2 


ln 


1 + 


' 238^ 


V 206y 


^0.15mg^ 
v 0.86mg y 


= 1.18xl0 9 y. 


For the /?decay of 40 K, the initial mass of 40 K is 


m KQ =m K + (40 / 40)/^ = m K + , 


so 


We solve for m K : 


m K = 


-Ã K t 

•Ar* - _ '"Ar 


1.6mg 


1_g-V gV_J (ln 2)(l. 18x10" y)/(l.25xl0 9 y) ^ 


= 1.7 mg. 


64. We note that every Calcium-40 atom and Krypton-40 atom found now in the sample 
was once one of the original number of Potassium atoms. Thus, using Eq. 42-14 and Eq. 
42-18, wefind 


ln 


K N K +N M +N CãJ 


= -Xt 


ln 


1 


1 + 1 + 8.54 


ln2 


[ l/2 


which (with T m = 1.26 x IO 9 y) yields t = 4.28 x IO 9 y. 


65. The absorbed dose is 


2.00x10 : J , , 


absorbed dose = — - — — — = 5.00x IO" 4 J/kg = 5.00x IO" 4 Gy 
4.00 kg 

where 1 J/kg = 1 Gy. With RBE = 5 , the dose equivalent is 

dose equivalem = RBE • (5.00 x IO" 4 Gy) = 5(5.00 x 10" 4 Gy) = 2.50 x IO" 3 Sv 
= 2.50 mSv . 


66. The becquerel (Bq) and curie (Ci) are defined in §42-3. 

(a) R = 8700/60 = 145 Bq. 

(b) R = ^3 = 3.92 x IO" 9 Ci. 

3.7xl0 10 Bq/Ci 


67. The decay rate R is related to the number of nuclei N by R = XN, where X, is the 
disintegration constant. The disintegration constant is related to the half-life 7j /2 by 


. In 2 AJ R RT m 

Á = => N = — = — — 

T U2 À ln 2 


Since 1 Ci = 3.7 x IO 10 disintegrations/s, 


(250Ci)(3.7 x IO 10 s _1 / Ci)(2.7 d)(8.64 x IO 4 s / d) 
ln2 


N = - ^ = 3.11xl0 18 . 


The mass of a 198 Au atom is M = (198 u)(1.661 x 10 24 g/u) = 3.29 x 10 22 g, so the mass 


required is 


NM= (3.11 x 10 18 )(3.29 x 1(T 22 g) = 1.02 x 10" 3 g = 1.02 mg. 


68. (a) Using Eq. 42-32, the energy absorbed is 

(2.4xlCT 4 Gy)(75kg) = 18mJ. 

(b) The dose equivalent is 

(2.4xl(T 4 Gy)(l2) = 2.9xl(T 3 Sv . 

(c) Using Eq. 42-33, we have 2.9xlCT 3 Sv=0.29rem 


69. (a) Adapting Eq. 42-21, we find 

(2.5xKr 3 g)(6.02xl0 23 /mol) 

N Q = ± ^ ^ = 6.3xl0 18 . 

239g/mol 

(b) From Eq. 42-15 and Eq. 42-18, 

I AN 1= N 0 [l - e-' ln 2/r - ] = (6.3 x IO 18 ) [l - e~ (12h) ln 2/ (24,ioo y )(8760h/ y ) J _ 2.5x10". 

(c) The energy absorbed by the body is 

(0.95)E a \AN\ = (0.95) (5.2 MeV) (2.5 x IO 11 ) (l.6 x IO" 13 J / MeV) = 0.20J. 

(d) On a per unit mass basis, the previous result becomes (according to Eq. 42-32) 

= 2.3xlO~ 3 J/kg = 2.3mGy. 


^ = 2.3x10- 
85kg 

(e) Using Eq. 42-31, (2.3 mGy)(13) = 30 mSv 


70. (a) We compare both the proton numbers (ato mie numbers, which can be found in 
Appendix F and/or G) and the neutron numbers (see Eq. 42-1) with the magic nucleon 
numbers (special values of either Z or AO listed in §42-8. We find that 18 0, 60 Ni, 92 Mo, 
144 Sm, and 207 Pb each have a filled shell for either the protons or the neutrons (two of 
these, 10 0 and "Mo, are explicitly discussed in that section). 

(b) Consider 40 K, which has Z = 19 protons (which is one less than the magic number 20). 
It has N =21 neutrons, so it has one neutron outside a closed shell for neutrons, and thus 
qualifies for this list. Others in this list include 91 Zr, 121 Sb, and 143 Nd. 

1 3 

(c) Consider C, which has Z = 6 and N = 13-6 = 7 neutrons. Since 8 is a magic number, 
then C has a vacancy in an otherwise filled shell for neutrons. Similar arguments lead to 
inclusion of 40 K, 49 Ti, 205 T1, and 207 Pb in this list. 


71. (a) Following Sample Problem 42-10, we compute 


h Í4.14xl(T 15 eV-fs)/27r 
AE * = - ^-t = 6.6 x 10 eV. 


'avg 1-0x10 


-22 


(b) In order to fully distribute the energy in a fairly large nucleus, and create a 
"compound nucleus" equilibrium configuration, about 10 15 s is typically required. A 
reaction state that exists no more than about 10~ 22 s does not qualify as a compound 
nucleus. 


72. From Eq. 19-24, we obtain 


T = 


2 


> 

_ 2 

f 5.00xl0 6 eV N 

3 

V k 

J 

~ 3 

v 8.62xl(T 5 eV/K J 


= 3.87xl0 1(, K 


73. A generalized formation reaction can be written X + x— >Y, where X is the target 
nucleus, x is the incident light particle, and Y is the excited compound nucleus ( 20 Ne). 
We assume X is initially at rest. Then, conservation of energy yields 


m x c + m x c + K x = m Y c + K Y + E Y 


where m x , m x , and m Y are masses, K x and K Y are kinetic energies, and E Y is the excitation 
energy of Y. Conservation of momentum yields 


Px = Pr- 


Now, 


K Y = Py - Px - 


( \ 
1 m 


2m Y 2m Y 


K 


so 


m 


and 


( c 2 + m x c 2 +K x = m Y c 2 + (m x I m Y )K x + E Y 

K x = — — — K m Y -m x -m x )c 2 + E Y ] 
m Y -m x L J 

(a) Let x represent the alpha particle and X represent the 16 0 nucleus. Then, 
(m Y -m x -m x )c 2 = (19.99244 u -15.99491 u - 4.00260 u)(931.5 Me V/u) = - 4.722 MeV 
and 

19 99244 u 

K„ = : (-4.722MeV+25.0MeV) = 25.35MeV * 25.4 MeV. 

19.99244u-4.00260u v ! 

(b) Let x represent the proton and X represent the 1 F nucleus. Then, 

(m Y -m x - m x )c 2 = (19.99244 u -18.99841 u -1.00783 u)(931.5 Me V/u) = - 12.85 MeV 


and 


1 9 99244 u 

K a = : (-12.85 MeV + 25.0 MeV) = 12.80 MeV. 

19.99244 u- 1.00783 u v ; 


(c) Let x represent the photon and X represent the 20 Ne nucleus. Since the mass of the 
photon is zero, we must rewrite the conservation of energy equation: if E r is the energy of 
the photon, then 


2 2 

E r + mxc = m Y c + K Y + E Y . 


Since m x = m Y , this equation becomes E r = K Y + E Y . Since the momentum and energy of 
a photon are related by p r = EJc, the conservation of momentum equation becomes Eylc 
= py- The kinetic energy of the compound nucleus is 

2 F 2 

K = Py = r 
Y 2m Y 2m Y c 2 

We substitute this result into the conservation of energy equation to obtain 

E 2 

E - r —+E 

2m Y c 

This quadratic equation has the solutions 


E y = m Y c 2 + y (m y c 2 ) - 2myC 2 E Y . 

If the problem is solved using the relativistic relationship between the energy and 
momentum of the compound nucleus, only one solution would be obtained, the one 
corresponding to the negative sign above. Since 

myc 2 = (19.99244 u)(931.5 MeV/u) = 1.862 x IO 4 MeV, 

we have 

E y = (1.862 x IO 4 MeV) - ^(1.862 x IO 4 MeV) 2 - 2(1.862 x IO 4 MeV)(25.0MeV) 
= 25.0 MeV. 

The kinetic energy of the compound nucleus is very small; essentially ali of the photon 
energy goes to excite the nucleus. 


74. (a) From the decay series, we know that A^io, the amount of 210 Pb nuclei, changes 

226 2 1 0 

because of two decays: the decay from Ra into Pb at the rate R 22 (, = ^226^226, and the 

210 206 

decay from Pb into Pb at the rate R 2W = ^210^210- The first of these decays causes 
N210 to increase while the second one causes it to decrease. Thus, 

dN 

, ~ ^lló ^210 — /t '226 iv 226 /T 210' ,V 210- 

at 

(b) We set dN 2m /dt = R 22 6 - ^210 = 0 to obtain R 226 /R 2 i 0 = 1.00. 

(c) From i? 2 26 = ^220^220 = R210 = taioAfeio, we obtain 

■^226 _ ^210 _ ^ 1/2 226 = 1-60x10 y = 7Q g 

^210 ^226 T V2 2W 22 - 6 y 

(d) Since only 1.00% of the 226 Ra remains, the ratio R 22( JR 2 m is 0.00100 of that of the 
equilibrium state computed in part (b). Thus the ratio is (0.0100)(1) = 0.0100. 

(e) This is similar to part (d) above. Since only 1.00% of the Ra remains, the ratio 
AWN210 is 1.00% of that of the equilibrium state computed in part (c), or (0.0100)(70.8) 
= 0.708. 


(f) Since the actual value of N 22 (JN 2 w is 0.09, which much closer to 0.0100 than to 1, the 
sample of the lead pigment cannot be 300 years old. So Emmaus is not a Vermeer. 


75. Since the spreading is assumed uniform, the count rate R = 74,000/s is given by 


R = XN=X(M/m)(a/A), 

where M = 400 g, m is the mass of the 90 Sr nucleus, A = 2000 km 2 , and a is the area in 
question. We solve for a: 


a = A 


m 


AmRT. 


1/2 


Min 2 


(2000 x IO 6 m 2 )(90 g / mol)(29 y)(3.15 x IO 7 s / y)(74,000 / s) 
(400 g)(6.02 x IO 23 / mol)(ln 2) 

= 7.3 x IO" 2 m" 2 =730 cm 2 . 


76. (a) Assuming a "target" area of one square meter, we establish a ratio: 

rate through you = l_m^ = 38xl0~ 12 

total rate upward (2.6 x IO 5 km 2 ) (1000 m/km) 2 

The SI unit becquerel is equivalent to a disintegration per second. With half the beta- 
decay electrons moving upward, we find 

rate through you = |(l x 10 I6 /s)(3.8 x 1CT 12 ) = 1.9 x 10 4 /s 

which implies (converting s — > h ) the rate of electrons you would intercept is R 0 = 7 x 
10 7 /h. So in one hour, 7 x IO 7 electrons would be intercepted. 

(b) Let D indicate the current year (2003, 2004, etc). Combining Eq. 42-16 and Eq. 42-18, 
we find 

R = R 0 e-'^ = (7 x 10 7h)e-( o - 1996 ) ln2 /( 3a2y ). 


77. (a) We use R = R 0 e kt to find t: 


1, R Q T 1/2i R 0 14.28(1, 3050 cncj 

t = — ln— = -^-ln— = ln = 59.5d. 

X R ln 2 i? In2 170 


(b) The required factor is 


^0 _ ^Xí _ ^íln2/r 1/2 _ ^(3.48d/14.28d)ln2 _ 


78. Using Eq. 42-15, the amount of uranium atoms and lead atoms present in the rock at 
time t is 

N v = N 0 e- Àt 

N Pb =N 0 -N v =N Q -N 0 e- À > =N Q (l-e- À ') 


and their ratio is 


The age of the rock is 


N 


-At 


Pb 


l ~ e - = e*'-l 


1 , 

t = — ln 
Â 


f N A 
1+ Vpb 


v 


TV 


u J 


ln2 


-ln 


f N A 
1+ Pb 


V 


N 


u y 


4.47 x IO 9 y 
Ín2 


ln(l + 0.30) = 1.69xl0 9 y- 


79. The lines that lead toward the lower left are alpha decays, involving an atomic 
number change of AZ a = - 2 and a mass number change of AA a = - 4. The short 
horizontal lines toward the right are beta decays (involving electrons, not positrons) in 
which case A stays the same but the change in atomic number is SZp = +1. Fig. 42-20 
shows three alpha decays and two beta decays; thus, 

Z f = Z, + 3AZ a + lAZp and A f = A i + 3AA a . 

Referring to Appendix F or G, we find Z, = 93 for Neptunium, so 

Z/=93 + 3(- 2) + 2(1) = 89, 

which indicates the element Actinium. We are given A, = 237, so A f = 237 + 3(- 4) = 225. 
Therefore, the final isotope is Ac. 


80. Let be the number of element AA at t = 0 . At a later time t, due to radioactive 
decay, we have 


The decay constant is 


N = N + N + N 


ln 2 ln 2 n , , 

Â = = = 0.0866/d. 

T m 8.00 d 


Since iV BB / N cc = 2 , when N cc / N ^ = 1 .50 , iV BB / N AA = 3.00 . Therefore, at time t, 

N AM) = N AA + N BB + N cc = N AA + 3.00iV AA + 1 .50iV AA = 5.50^V AA . 
Since N AA = N AAQ e~ Àt , combining the two expressions leads to 

^AA0. = e * =5 _ 50 


which can be solved to give 


f _ ln(5.50) _ ln(5.50) _ 19?d 
2 0.0866/d 


81. The dose equivalent is the product of the absorbed dose and the RBE factor, so the 
absorbed dose is 

(dose equivalent)/(RBE) = (250 x IO" 6 Sv)/(0.85) = 2.94 x IO" 4 Gy. 


But 1 Gy = 1 J/kg, so the absorbed dose is 
(2.94 x IO" 4 Gy) 


' J A 


kg-Gy 


= 2.94xlO" 4 J/kg 


To obtain the total energy received, we multiply this by the mass receiving the energy: 


E = (2.94 x IO" 4 J/kg)(44 kg) = 1.29 x 10 2 J «1.3 x 10 2 J 


82. (a) The rate at which Radium-226 is decaying is 


R = XN = 


'ln2 A 


T 

V J l/2 J 


M\ (In2)(1.00mg)(6.02xl0 23 /mol) 
m) (1600 y)(3.15 x IO 7 s / y)(226 g / mol) 


7 -1 


= 3.66xlO's 


The activity is 3.66xl0 7 Bq. 

(b) The activity of 222 Rn is also 3.66 x IO 7 Bq. 

(c) From R Ra = R Rn and R = XN = (ln 2IT m )(Mlm), we get 


l l/2„ 


T 

v i /2 Ra y 


»7, 


Rn 


(3.82d)(l.00xl0" 3 g)(222u) 
(I600y)(365d/y)(226u) 


= 6.42xl0~ 9 g. 


83. We note that hc = 1240 MeV-fm, and that the classical kinetic energy |mv 2 can be 
written directly in terms of the classical momentum p = mv (see below). Letting 


p ~ Ap ~ Ah/ Ax ~ hl r, 


we get 


E = 


(hcf 


(!240MeV-fm) 


2m 


2(mc 2 )r 2 2 (938MeV)[(l.2fm)(l00) 1/3 


30MeV. 


84. In order for the a particle to penetrate the gold nucleus, the separation between the 
centers of mass of the two particles must be no greater than 

r = r C u + r a = 6.23 fm + 1.80 fm = 8.03 fm. 

Thus, the minimum energy K a is given by 

K =u= 1 = kq a q Au 

4k£ 0 r r 

(8.99xl0 9 V-m/C)(2e)(79)(l.60xl0 19 C) 

= ^ '- '\ n ^ = 28.3xl0 6 eV. 

8.03x10 15 m 

We note that the factor of e in q a = 2e was not set equal to 1.60 x 10 19 C, but was 
instead carried through to become part of the final units. 


85. Since R is proportional to N (see Eq. 42-17) then N/N 0 = R/Ro- Combining Eq. 42-14 
and Eq. 42-18 leads to 


ln 2 


\ R oJ 


^^ln(0.020) = 3.2xl0 4 y. 


86. We note that 2.42 min = 145.2 s. We are asked to plot (with SI units understood) 

\nR = \n(R 0 e Xl + R' Q e' x '') 


where R 0 = 3.1 x 10 , R 0 ' = 4.1 x 10 , X = ln 2/145.2 and X' = ln 2/24.6. Our plot is shown 
below. 



i i i | i i 1— r '< r-r 7 i—r i i | -1— i i i ■ i : r r 

0 100 200 300 400 500 600 


We note that the magnitude of the slope for small t is X ' (the disintegration constant for 
110 Ag), and for large t is X (the disintegration constant for 108 Ag). 


87. Let ^ X represent the unknown nuclide. The reaction equation is 


zX+Ôn->_°e+2*He. 

Conservation of charge yields Z + 0 = - 1 + 4orZ=3. Conservation of mass number 
yields A + 1 = 0 + 8 or A = 7. According to the periodic table in Appendix G (also see 
Appendix F), lithium has atomic number 3, so the nuclide must be 3 Li . 


88. (a) The mass number A of a radionuclide changes by 4 in an a decay and is 
unchanged in a /? decay. If the mass numbers of two radionuclides are given by An + k 
and An' + k (where k = 0, 1,2, 3), then the heavier one can decay into the lighter one by a 
series of a (and fí) decays, as their mass numbers differ by only an integer times 4. If A = 
An + k, then after «-decaying for m times, its mass number becomes 

A = An + k - Am = A(n- m) + k, 

still in the same chain. 

(b) For 235 U, 235 = 58 x 4 + 3 = An + 3. 

(c) For 236 U, 236 = 59 x 4 = An. 

(d) For 238 U, 238 = 59 x 4 + 2 = An + 2. 

(e) For 239 Pu, 239 = 59 x 4 + 3 = An + 3. 

(f) For 24() Pu, 240 = 60 x 4 = An. 

(g) For 245 Cm, 245 = 61 x 4 + 1 = An + 1. 

(h) For 246 Cm, 246 = 61 x 4 + 2 = An + 2. 

(i) For 249 Cf, 249 = 62 x 4 + 1 = An + 1. 
(j) For 253 Fm, 253 = 63 x 4 + 1 = 4n + 1. 


89. Eq. 24-43 gives the electrostatic potential energy between two uniformly charged 
spherical charges (in this case q\ = 2e and q2 = 90e) with r being the distance between 
their centers. Assuming the "uniformly charged spheres" condition is met in this instance, 
we write the equation in such a way that we can make use of k = 1/4 nsç, and the 
electronvolt unit: 


U = k- 


(2e)(90e) íq9 (3.2 x IO' 19 C) (90e) = 2.59x10' ^ 

r V ' C 


with r understood to be in meters. It is convenient to write this for r in femtometers, in 
which case U = 259/r MeV. This is shown plotted below. 



90. (a) Replacing differentials with deltas in Eq. 42-12, we use the fact that AN 
during At = 1 .0 s to obtain 

— = -XAt => X = 4.8 x IO 18 / s 
N 

where N = 2.5 x 10 18 , mentioned at the second paragraph of §42-3, is used. 
(b) Eq. 42-18 yields T m = ln 2/X = 1.4 x IO 17 s, or about 4.6 billion years. 


91. Although we haven't drawn the requested lines in the following table, we can indicate 
their slopes: lines of constant A would have - 45° slopes, and those of constant N - Z 
would have 45°. As an example of the latter, the N - Z = 20 line (which is one of 
"eighteen-neutron excess") would pass through Cd- 114 at the lower left corner up 
through Te- 122 at the upper right corner. The first column corresponds to N = 66, and the 
bottom row to Z = 48. The last column corresponds to N = 70, and the top row to Z = 52. 
Much of the information below (regarding values of Ty 2 particularly) was obtained from 
the websites http://nucleardata.nuclear.lu.se/nucleardata and http://www.nndc.bnl.gov/ 
nndc/ensdf. 


118 Te 

6.0 days 

119 Te 
16.0 h 

120 Te 

0.1% 

121 Te 
19.4 days 

122 Te 
2.6% 

117 Sb 
2.8 h 

118 Sb 
3.6 min 

119 Sb 
38.2 s 

120 Sb 
15.9 min 

121 Sb 
57.2% 

116 Sn 
14.5% 

117 Sn 
7.7% 

118 Sn 
24.2% 

119 Sn 
8.6% 

12(, Sn 
32.6% 

115 In 
95.7% 

116 In 
14.1 s 

117 In 

43.2 min 

118 In 
5.0 s 

119 In 
2.4 min 

114 Cd 
28.7% 

115 Cd 
53.5 h 

116 Cd 
7.5% 

117 Cd 
2.5 h 

118 Cd 
50.3 min 


92. We locate a nuclide from Table 42-1 by finding the coordinate (N, Z) of the 
corresponding point in Fig. 42-4. It is clear that ali the nuclides listed in Table 42-1 are 
stable except the last two, 227 Ac and 39 Pu. 


93. (a) In terms of the original value of u, the newly defined u is greater by a factor 
of 1.007825. So the mass of ! H would be 1.000000 u, the mass of 12 C would be 

(12.000000/1.007825) u = 11.90683 u. 

(b) The mass of 238 U would be (238.050785/ 1.007825) u = 236.2025 u. 


94. The problem with Web-based services is that there are no guarantees of accuracy or 
that the webpage addresses will not change from the time this solution is written to the 
time someone reads this. Still, it is worth mentioning that a very accessible website for a 
wide variety of periodic table and isotope-related information is 
http://www.webelements.com. Two websites aimed more towards the nuclear 
Professional are http://nucleardata.nuclear.lu.se/nucleardata and 

http://www.nndc.bnl.gov/nndc/ensdf, which are where some of the information 
mentioned below was obtained. 

(a) According to Appendix F, the atomic number 60 corresponds to the element 
Neodymium (Nd). The first website mentioned above gives 142 Nd, 143 Nd, 144 Nd, 145 Nd, 
146 Nd, 148 Nd, and 15() Nd in its list of naturally occurring isotopes. Two of these, 144 Nd and 
15() Nd, are not perfectly stable, but their half-lives are much longer than the age of the 
universe (detailed information on their half-lives, modes of decay, etc are available at the 
last two websites referred to, above). 

(b) In this list, we are asked to put the nuclides which contain 60 neutrons and which are 

108 

recognized to exist but not stable nuclei (this is why, for example, Cd is not included 
here). Although the problem does not ask for it, we include the half-lives of the nuclides 
in our list, though it must be admitted that not ali reference sources agree on those values 
(we picked ones we regarded as "most reliable"). Thus, we have Rb (0.2 s), Sr (0.7 s), 
99 Y (2 s), 100 Zr (7 s), 101 Nb (7 s), 102 Mo (11 minutes), 103 Tc (54 s), 1()5 Rh (35 hours), 109 In 
(4 hours), 110 Sn (4 hours), m Sb (75 s), 112 Te (2 minutes), 113 I (7 s), 114 Xe (10 s), 115 Cs 
(1.4 s), and 116 Ba(1.4 s). 

(c) We would include in this list: 6() Zn, 6() Cu, 60 Ni, 60 Co, 60 Fe, 60 Mn, 60 Cr, and 60 V. 


95. We solve for A from Eq. 42-3: 


A = 


( \ 


f 


3.6 fm 


\ 3 


^1.2fim ) 


96. We take the speed to be constant, and apply the classical kinetic energy formula: 

d _ d _2 \ m n _ r I2mc 2 

^(l.2xl0 15 m)(l00) 1/3 Í2(938MeV) 

3.0 x IO 8 m/s \ 5MeV 
*4xlCr 22 s. 


97. The disintegration energy is 

Q = (m v -m Ti )c 2 -E K 
= (48.94852 u - 48.94787 u)(93 1.5 MeV / u) - 0.00547 MeV 
= 0.600 MeV. 


1. If M C r is the mass of a 52 Cr nucleus and M Mg is the mass of a 26 Mg nucleus, then the 
disintegration energy is 

Q = (M Cr - 2M Mg )c 2 = [51.94051 u - 2(25.98259 u)](931.5 Me V/u) = - 23.0 MeV. 


2. Adapting Eq. 42-21, there are 


M 

N Pa = -^NA = 


M 


Pu 


/ 1000 g 
239 g/mol 


(6.02 x IO 23 /mol) = 2.5x10 


24 


plutonium nuclei in the sample. If they ali fission (each releasing 180 MeV), then the 


total energy release is 4.54 x IO 26 MeV 


3. If R is the fission rate, then the power output is P = RQ, where Q is the energy released 
in each fission event. Hence, 

R = P/Q = (1.0 W)/(200 x IO 6 eV)(1.60 x 10" 19 J/eV) = 3.1 x 10 10 fissions/s. 


4. We note that the sum of superscripts (mass numbers A) must balance, as well as the 
sum of Z values (where reference to Appendix F or G is helpful). A neutron has Z = 0 and 
A = 1 . Uranium has Z = 92. 

(a) Since xenon has Z = 54, then "Y" must have Z = 92 - 54 = 38, which indicates the 
element Strontium. The mass number of "Y" is 235 + 1 - 140 - 1 = 95, so "Y" is 95 Sr. 

(b) Iodine has Z = 53, so "Y" has Z = 92 - 53 = 39, corresponding to the element Yttrium 
(the symbol for which, coincidentally, is Y). Since 235 + 1 - 139 - 2 = 95, then the 
unknown isotope is 95 Y. 

(c) The atomic number of Zirconium is Z = 40. Thus, 92 - 40 - 2 = 52, which means that 
"X" has Z = 52 (Tellurium). The mass number of "X" is 235 + 1 - 100 - 2 = 134, so we 
obtain 134 Te. 


(d) Examining the mass numbers, we find b = 235 + 1 - 141 - 92 = 3. 


5. (a) The mass of a single atom of U is 

m 0 =(235 u)(1.661 x 1(T 27 kg/u) = 3.90 x 1(T 25 kg, 

so the number of atoms in m = 1.0 kg is 

N=m/m 0 = (1.0 kg)/(3.90 x 10" 25 kg) = 2.56 x 10 24 ~2.6 x IO 24 . 

An alternate approach (but essentially the same once the connection between the "u" unit 
and ÍVa is made) would be to adapt Eq. 42-21. 

(b) The energy released by ./V fission events is given by E = NQ, where Q is the energy 
released in each event. For 1 .0 kg of 235 U, 

£=(2.56 x 10 24 )(200x 10 6 eV)(1.60x 10" 19 J/eV) = 8.19 x 10 13 J -8.2 x 10 13 J. 

(c) If P is the power requirement of the lamp, then 

t = E/P = (8.19x 10 13 J)/(100W) = 8.19x 10 11 s = 2.6 x IO 4 y. 
The conversion factor 3.156 x IO 7 s/y is used to obtain the last result. 


6. The energy released is 


Q = (m u + m n - m Cs - m Rb - 2m n )c 2 
= (235.04392 u- 1.00867 u - 140.91963 u- 92.92157 u)(931.5 MeV/u) 
= 181 MeV. 


7. (a) Using Eq. 42-20 and adapting Eq. 42-21 to this sample, the number of fission- 
events per second is 


_ Ann2 _ M sa JV,ln2 

fission rp A/1 T 

*-\n n-' 1/? 


(1.0g)(6.02xl0 23 /mol)ln2 

= 16 nssions / day. 


(235g/mol)(3.0xl0 17 y)(365d/y) 
(b) Since R <x \IT y2 (see Eq. 42-20), the ratio of rates is 

K _ 7 iv. _ 3.0x1 0 1 y 


^o„ V 7.0xl0 8 y 


= 4.3 x 10 


8 


8. When a neutron is captured by Np it gains 5.0 MeV, more than enough to offset the 
4.2 MeV required for 238 Np to fission. Consequently, 237 Np is fissionable by thermal 
neutron s. 


9. The energy transferred is 


Q = (m U23S +m n -m V239 )c 
= (238.050782 u + 1.008664 u- 239.054287 u)(931.5 MeV/u) 
= 4.8 MeV. 


10. (a) We consider the process Mo — » Sc + Sc. The disintegration energy is 
Q = ( mMo - 2m Sc )c 2 = [97.90541 u - 2(48.95002 u)](931.5 MeV/u) = +5.00 MeV. 

(b) The fact that it is positive does not necessarily mean we should expect to find a great 
deal of Molybdenum nuclei spontaneously fissioning; the energy barrier (see Fig. 43-3) is 
presumably higher and/or broader for Molybdenum than for Uranium. 


11. The yield of one warhead is 2.0 megatons of TNT, or 

yield = 2(2.6 x IO 28 MeV) = 5.2 x IO 28 MeV . 

Since each fission event releases about 200 MeV of energy, the number of fissions is 

MxlO-MeV ^ 
200 MeV 

However, this only pertains to the 8.0% of Pu that undergoes fission, so the total number 
of Pu is 

N =J^= 2 - 6xl ° 26 = 3.25xl0 27 =5.4 x 10 3 mol. 
0 0.080 0.080 

With M = 0.239 kg/mol, the mass of the warhead is 

m = (5.4xl0 3 mol)(0.239kg/mol) = 1.3xl0 3 kg. 


12. (a) The surface area a of a nucleus is given by 

a — 4nR 2 - 47i(i? 0 A 1/3 ) Z <x A 

Thus, the fractional change in surface area is 

Aa a f -a t (140) 2/3 +(96) 2/3 


a a, (236) 


(b) Since V oc R 3 az (A 1/3 ) 3 = A, we have 


2/3 


-l = +0.25. 


AV _ V f ] 140 + 96 

V ~ V t 236 

(c) The fractional change in potential energy is 

AU _U f ^ QlJR^+QlJK l _ {5A)\UQy m +{3%)\96y m { 
U U i Q 2 V /R V "'" (92) 2 (236)- 1/3 

= -0.36. 


13. (a) If X represents the unknown fragment, then the reaction can be written 

2 9 3 2 5 U+>^Ge+ z ^ 

where A is the mass number and Z is the atomic number of the fragment. Conservation of 
charge yields 92 + 0 = 32 + Z, so Z = 60. Conservation of mass number yields 235 + 1 = 
83 + A, so A = 153. Looking in Appendix F or G for nuclides with Z = 60, we find that 
the unknown fragment is '^Nd. 

(b) We neglect the small kinetic energy and momentum carried by the neutron that 
triggers the fission event. Then, 

Q = Koe + ^Nd, 

where K Ge is the kinetic energy of the germanium nucleus and Km is the kinetic energy of 
the neodymium nucleus. Conservation of momentum yields p Ce + p m = 0. Now, we can 
write the classical formula for kinetic energy in terms of the magnitude of the momentum 
vector: 

2 2m 

which implies that K^d = (mce/mmWGe- Thus, the energy equation becomes 


, Mr,. „ M^ + M, 

and 


Q = K Ce +^ L K Ce = — ^ ^KGe 

M M 

1V1 Nd 1V1 Nd 


M KM „ 153 u 


K Ge = ^ Q = (170 MeV) = 1 10 MeV. 


(c) Similarly, 


M Nd + M c e 153u + 83u 


K m = ^ Q = — (170 MeV) = 60 MeV. 

M m + M G ç 153u + 83u 


(d) The initial speed of the germanium nucleus is 


_ 2g^ 2(110*10' eV)(1.60xlO- J/eV) 
*l M Ge V (83 u)(1.661xl0" 27 kg/u) 


(e) The initial speed of the neodymium nucleus is 

rr 19 t/pV> 

= 8.69 x IO 6 m/s. 


2K m _ 2(60xl0 6 eV)(1.60xlO- 19 J/eV) _ CAfWin6 


\ M ND \ (153 u)(1.661xl0" 27 kg/u) 


14. (a) Using the result of Problem 43-2, the TNT equivalent is 


(2.50 kg)(4.54 x 10 MeV / kg) 4 

^ ÊL = 4.4 x 10 ton = 44 kton. 

2.6 x IO 28 MeV /IO 6 ton 

(b) Assuming that this is a fairly inefficiently designed bomb, then much of the remaining 
92.5 kg is probably "wasted" and was included perhaps to make sure the bomb did not 
"fizzle." There is also an argument for having more than just the criticai mass based on 
the short assembly-time of the material during the implosion, but this so-called "super- 
critical mass," as generally quoted, is much less than 92.5 kg, and does not necessarily 
have to be purely Plutonium. 


15. (a) The energy yield of the bomb is 

E = (66 x 1CT 3 megaton)(2.6 x IO 28 MeV/ megaton) = 1.72 x IO 27 MeV. 

At 200 MeV per fission event, 

(1.72 x IO 27 MeV)/(200 MeV) = 8.58 x IO 24 

fission events take place. Since only 4.0% of the U nuclei originally present undergo 
fission, there must have been (8.58 x 10 24 )/(0.040) = 2.14 x IO 26 nuclei originally present. 
The mass of 235 U originally present was 

(2.14 x 10 26 )(235 u)(1.661 x 10" 27 kg/u) = 83.7 kg * 84 kg. 

(b) Two fragments are produced in each fission event, so the total number of fragments is 

2(8.58 x IO 24 ) = 1.72 x IO 25 « 1.7 x IO 25 . 

(c) One neutron produced in a fission event is used to trigger the next fission event, so the 
average number of neutrons released to the environment in each event is 1.5. The total 
number released is 

(8.58 x 10 24 )(1.5) = 1.29 x IO 25 * 1.3 x IO 25 . 


16. (a) Consider the process 239 U + n -> 140 Ce + "Ru + Ne. We have 
Z f - Zi = Z Ce + Z Ru - Zu = 58 + 44 - 92 = 10. 
Thus the number of beta-decay events is 10. 
(b) Using Table 37-3, the energy released in this fission process is 

Q = (m u +m n - m Ce - m Ru - 10m e )c 2 
= (238.05079 u + 1.00867 u- 139.90543 u- 98.90594 u)(931.5 MeV/u)- 10(0.5 11 MeV) 
= 226 MeV. 


17. (a) The electrostatic potential energy is given by 


U — \ ^Xe-^Sr g 

4%£ 0 r Xe +r Sr 

where Z Xe is the atomic number of xenon, Z Sr is the atomic number of strontium, r Xe is 
the radius of a xenon nucleus, and rs r is the radius of a strontium nucleus. Atomic 
numbers can be found either in Appendix F or Appendix G. The radii are given by r = 
(1.2fm)A 1/3 , where A is the mass number, also found in Appendix F. Thus, 

r Xe = (1.2 fm)(140) 1/3 = 6.23 fm = 6.23 x 10" 15 m 

and 

r Sr = (1.2 fm)(96) 1/3 = 5.49 fm = 5.49 x 10" 15 m. 
Hence, the potential energy is 

V =(8.99x10' V.nVC) (54)(38)(1.60xlQ-> tf =4 . 08xl0 -., , 

6.23xl0" 15 m + 5.49xl0" 15 m 

= 251 MeV. 

(b) The energy released in a typical fission event is about 200 MeV, roughly the same as 
the electrostatic potential energy when the fragments are touching. The energy appears as 
kinetic energy of the fragments and neutrons produced by fission. 


18. If P is the power output, then the energy E produced in the time interval Aí (= 3 y) is 

E = P At= (200 x 10 6 W)(3 y)(3.156x IO 7 s/y) = 1.89 x IO 16 J 
= (1.89x IO 16 J)/(1.60x 10~ 19 J/eV) = 1.18x IO 35 eV 
= 1.18 x IO 29 MeV. 

At 200 MeV per event, this means (1.18 x 10 29 )/200 = 5.90 x IO 26 fission events occurred. 
This must be half the number of fissionable nuclei originally available. Thus, there were 
2(5.90 x IO 26 ) = 1.18 x IO 27 nuclei. The mass of a 235 U nucleus is 

(235 u)(1.661 x IO" 27 kg/u) = 3.90 x IO" 25 kg, 

so the total mass of 235 U originally present was (1.18 x 10 27 )(3.90 x 10" 25 kg) = 462 kg. 


19. If R is the decay rate then the power output is P = RQ, where Q is the energy 
produced by each alpha decay. Now 


R = XN = N\n2/T m , 

where X is the disintegration constant and Tm is the half-life. The relationship 
X = (ln2)/7j /2 is used. If M is the total mass of material and m is the mass of a single 
238 Pu nucleus, then 

N =M = WOkg = 253 xl0 24 

m (238 u)(1.661xl(T 27 kg/u) 

Thus, 

„ NQlnl (2.53xl0 24 )(5.50xl0 6 eV)(1.60xl0 19 J/eV)(ln2) c „„ r 

r = = = 557 W . 

T U2 (87.7y)(3.156xl0 7 s/y) 


20. (a) We solve Q tff from P = RQ eíi : 


0 - P - P - mPT ^ 
eff R NX M\n2 

_ (90.0 u)(1.66xl(T 27 kg/u)(0.93 W)(29 y)(3.15x!0 7 s/y) 

" (1.00 x 10" 3 kg)(ln 2)(1.60xl0" 13 J/MeV) 

= 1.2 MeV. 

(b) The amount of 9() Sr needed is 


21. After each time interval í gen the number of nuclides in the chain reaction gets 
multiplied by k. The number of such time intervals that has gone by at time t is t/t gen . For 
example, if the multiplication factor is 5 and there were 12 nuclei involved in the reaction 
to start with, then after one interval 60 nuclei are involved. And after another interval 300 
nuclei are involved. Thus, the number of nuclides engaged in the chain reaction at time t 
is N(t) = N () k"' scn . Since P <x N we have 


P(t) = P 0 k 


22. We use the formula from Problem 43-21: 

P(t) = P 0 k" h °° = (400MW)(1.0003) (5 ' ()0 ™>Ws/mm)/(o.oo3oos) = g 03x i 0 3 MW. 


23. (a) Let v,„ be the initial velocity of the neutron, v„/be its final velocity, and v/be the 
final velocity of the target nucleus. Then, since the target nucleus is initially at rest, 
conservation of momentum yields m„v„, = m n v n f + mvf and conservation of energy yields 
2 m n v li = 2 m n v lf + 2 mv } ■ Wc solve these two equations simultaneously for v/. This can 

be done, for example, by using the conservation of momentum equation to obtain an 
expression for v„/ in terms of v/ and substituting the expression into the conservation of 
energy equation. We solve the resulting equation for v/. We obtain v/= 2m n vJ(m + m„). 
The energy lost by the neutron is the same as the energy gained by the target nucleus, so 

1 2 1 4m„ 2 m 2 
AK = —mv f = - — T v ni . 

2 r 2(m + mJ 2 ro 

The initial kinetic energy of the neutron is K = \m n v 2 ni , so 

AK 4m m 

n 

K (m + m n ) 2 

(b) The mass of a neutron is 1.0 u and the mass of a hydrogen atom is also 1.0 u. (Atomic 
masses can be found in Appendix G.) Thus, 

AK _ 4(1.0 u)(1.0 u) 
K ~ (1.0u + 1.0u) 2 

(c) Similarly, the mass of a deuterium atom is 2.0 u, so 

(AK)/K= 4(1.0 u)(2.0 u)/(2.0 u + 1.0 u) 2 = 0.89. 

(d) The mass of a carbon atom is 12 u, so 

(AK)/K= 4(1.0 u)(12 u)/(12 u + 1.0 u) 2 = 0.28. 

(e) The mass of a lead atom is 207 u, so 

(AK)/K= 4(1.0 u)(207 u)/(207 u + 1.0 u) 2 = 0.019. 

(f) During each collision, the energy of the neutron is reduced by the factor 1 - 0.89 = 
0.1 1. If Ei is the initial energy, then the energy after n collisions is given by E = (0.1 1 )"£'/. 
We take the natural logarithm of both sides and solve for n. The result is 

_ \n(E/E t ) _ ln(0.025 eV/1.00 eV) 

n — — — I .y ~ o. 

In0.ll ln0.ll 


The energy first falis below 0.025 eV on the eighth collision. 


24. We recall Eq. 43-6: Q « 200 MeV = 3.2 x 10" 11 J. It is important to bear in mind that 
Watts multiplied by seconds give Joules. From E = Pt gen = NQ we get the number of free 
neutrons: 

N _ Pt gen _ (500 x IO 6 W)(1.0 x IO' 3 s) = 1 6 x lQl6 
g 3.2xlO" n J 


25. Let Po be the initial power output, P be the final power output, k be the multiplication 
factor, t be the time for the power reduction, and í gen be the neutron generation time. Then, 
according to the result of Problem 43-21, 


P=P 0 k 


t/t„ 


We divide by P Q , take the natural logarithm of both sides of the equation and solve for 
Int. 


\nk = ^\n 
t 


\ P oJ 


1.3xl(T 3 s 
2.6 s 


ln 


350 MW 
1200 MW 


= -0.0006161. 


Hence,fc = e- 00006161 = 0.99938. 


26. Our approach is the same as that shown in Sample Problem 43-3. We have 


or 


t = 


Xs, — À, 5 


-ln 


N 5 (t) 
NM) 


N 5 (t) = N s (0) 
NJt) NJO) 


(A, 5 -A, 8 )í 


1 


(1.55-9.85)10 10 y- 1 


ln[(0.0072)(0.15)^] 


= 3.6xl0 9 y. 


27. (a) P avg = (15 x IO 9 W-y)/(200,000 y) = 7.5 x IO 4 W = 75 kW. 
(b) Using the result of Eq. 43-6, we obtain 


M _ ^Aai _ (235u)(1.66xlQ- 27 kg/u)(15xl0 9 W-y)(3.15xl0 7 s/y) _ g g d() 3 kg 


Q (200MeV)(1.6xl(T 13 J/MeV) 


28. The nuclei of U can capture neutrons and beta-decay. With a large amount of 

235 

neutrons available due to the fission of U, the probability for this process is 
substantially increased, resulting in a much higher decay rate for 238 U and causing the 

OTO 9^S 

depletion of U (and relative enrichment of U). 


29. Let t be the present time and t = O be the time when the ratio of U to U was 3.0%. 

235 

Let A^235 be the number of U nuclei present in a sample now and N235, o be the number 
present at t = 0. Let N238 be the number of U nuclei present in the sample now and N23&, 
o be the number present at t = 0. The law of radioactive decay holds for each specie, so 


and 


iy 235 JV 235,O c 


N = N e 

iv 238 JV 238,0 C 


Dividing the first equation by the second, we obtain 


r = r n e 


-(À-235 A, 238 )t 


where r = AWAfos (= 0.0072) and r 0 = N235, o/Afos, o (= 0.030). We solve for t: 

1 


t = 


^235 ^238 


-ln 


\ r Qj 


Now we use A, 235 = (ln2) / T, n and A, 238 = (ln2) / T m to obtain 


t = 


T T 


-ln 


f \ 
r 


\ r o j 


(7.0xl0 8 y)(4.5xl0 9 y) A 0-0072 ^ 

0.030 


(4.5 x IO 9 y- 7.0 x 10 8 y)ln2 


= 1.7xl0 9 y. 


_ 1 "3 

30. We are given the energy release per fusion (Q = 3.27 MeV = 5.24 x 10" 1J J) and that 
a pair of deuterium atoms are consumed in each fusion event. To find how many pairs of 
deuterium atoms are in the sample, we adapt Eq. 42-21: 


N 


M. 


d pairs 


2M 


1000 g 


2(2.0 g/mol) 


(6.02 x IO 23 / mol) = 1.5 x 10 


26 


Multiplying this by Q gives the total energy released: 7.9 x 10 J. Keeping in mind that a 
Watt is a Joule per second, we have 


31. The height of the Coulomb barrier is taken to be the value of the kinetic energy K 
each deuteron must initially have if they are to come to rest when their surfaces touch 
(see Sample Problem 43-4). If r is the radius of a deuteron, conservation of energy yields 


so 


2K = 


4tzs 0 2r 


K = 


Ans a Ar 


= (8.99 x IO 9 V-m/C) 


(í.óOxio ^ cy 

4(2.1xl(T 15 m) 


= 2.74 x 1(T 14 J 


= 170 keV. 


32. From the expression for n(K) given we may write n(K) <x K e . Thus, with 


k = 8.62 x 10 5 eV/K = 8.62 x 10"° keV/K, 


we have 


n(K) 


f K A 


1/2 


-(K—K )/kT 


Tf 


= 0.151. 


5.00keV 
1.94keV 


1/2 


exp 


5.00keV-1.94keV 
(8.62xl0" 8 keV)(1.50xl0 7 K) 


33. Our calculation is very similar to that in Sample Problem 43-4 except that we are now 
using R appropriate to two Lithium-7 nuclei coming into "contact," as opposed to the R = 
1.0 fm value used in the Sample Problem. If we use 

R = r = r Q A m = (1.2 ím)\fl = 2.3 fm 

and q = Ze = 3e, then our K is given by (see Sample Problem 43-4) 

3 2 (1.6xlQ' 19 C) 2 

I6ns 0 r 167r(8.85xlCr 12 F/ m)(2.3 x IO 15 m) 

which yields 2.25 x 10 J = 1.41 MeV. We interpret this as the answer to the problem, 
though the term "Coulomb barrier height" as used here may be open to other 
interpretations. 


ry2 2 

Z e 


34. (a) Our calculation is identical to that in Sample Problem 43-4 except that we are now 
using R appropriate to two deuterons coming into "contact," as opposed to the R = 1.0 fm 
value used in the Sample Problem. If we use R = 2.1 fm for the deuterons, then our K is 
simply the K calculated in Sample Problem 43 - 4, divided by 2. 1 : 

^ = 360 keV wl70keV 

Consequently, the voltage needed to accelerate each deuteron from rest to that value of K 
is 170 kV. 

(b) Not ali deuterons that are accelerated towards each other will come into "contact" and 
not ali of those that do so will undergo nuclear fusion. Thus, a great many deuterons must 
be repeatedly encountering other deuterons in order to produce a macroscopic energy 
release. An accelerator needs a fairly good vacuum in its beam pipe, and a very large 
number flux is either impractical and/or very expensive. Regarding expense, there are 
other factors that have dissuaded researchers from using accelerators to build a controlled 
fusion "reactor," but those factors may become less important in the future — making the 
feasibility of accelerator "add-on's" to magnetic and inertial confinement schemes more 
cost-effective. 


35. (a) Let M be the mass of the Sun at time t and E be the energy radiated to that time. 
Then, the power output is 

P = dEldt = (dM/dt)c 2 , 

where E = Mc is used. At the present time, 

dM P 3.9xl0 26 W - , 
= — = r = 4.3x10 kg/s . 

dt c (2.998xl0 8 m/s) 

(b) We assume the rate of mass loss remained constant. Then, the total mass loss is 

AM = (dM/dt) At = (4.33 x IO 9 kg/s) (4.5 x IO 9 y) (3.156 x IO 7 s/y) = 6.15 x IO 26 kg. 
The fraction lost is 

AM 6.15xl0 26 kg 1A _ 4 


M+AM 2.0 x IO 30 kg + 6. 15 x IO 26 kg 


■ = 3.1x10" 


36. In Fig. 43-10, let Q x = 0.42 MeV, Q 2 = 1.02 MeV, Q 3 = 5.49 MeV and Q 4 = 
12.86 MeV. For the overall proton-proton cycle 

Q = 2Q l+ 2Q 2 +2Q 3 + Q 4 
= 2(0.42 MeV + 1.02 MeV + 5.49 MeV) + 12.86 MeV = 26.7 MeV. 


37. If Mue is the mass of an atom of helium and Mc is the mass of an atom of carbon, then 
the energy released in a single fusion event is 

Q = (3M He -M c )c 2 =[3(4.0026 u)- (12.0000 u)] (93 1.5 Me V/u) = 7.27 MeV. 

Note that 3M He contains the mass of six electrons and so does M C - The electron masses 
cancel and the mass difference calculated is the same as the mass difference of the nuclei. 


38. The energy released is 


Q = -Ame 2 = -(m He - m m - m m )c 2 
= -(3.016029 u -2.014102 u -1.007825 u)(931.5 MeV/u) 
= 5.49 MeV. 


39. The kinetic energy of each proton is 

K = k B T = (\3%x\Q^ J/K)(1.0xl0 7 K) = 1.38xlCT 16 J 
At the closest separation, r m i n , ali the kinetic energy is converted to potential energy: 


K tot =2K = U=- i -^- 

U min 


Solving for r m i n , we obtain 


r = J-£- = (8 -" X 10 N - m /C )(L60x 10 C) = 
mn 4^ () 2Ã - 2(1.38 x 1(T 16 J) 


40. We assume the neutrino has negligible mass. The photons, of course, are also taken to 
have zero mass. 

Qi = ( lm p ~ m 2 - m e Y = [ 2 K " m e ) ~ {™2 ~ m e ) ~ m e ] C ' 

= [2(1.007825 u) - 2.014102 u - 2(0.0005486 u)](93 1.5 MeV/u) 
= 0.42MeV 

Q 2 = (m 2 +m p -m^c 2 = [m 2 +m p -m^jc 2 

= (2.014102 u) + 1.007825 u - 3.016029 u)(931.5MeV/u) 
= 5.49 MeV 

<2 3 = (lm 3 - m 4 - 2m p jc 2 = (2m 3 - m 4 - 2m p jc 2 

= [2(3.016029 u) - 4.002603 u - 2(1.007825 u)](93 1.5 MeV/u) 
= 12.86 MeV . 


41. (a) Since two neutrinos are produced per proton-proton cycle (see Eq. 43-10 or Fig. 
43-10), the rate of neutrino production R v satisfies 


2P 


2(3.9 x IO 26 W) 


Q (26.7 MeV)(l.6 x 10" 13 J/MeV) 


= 1.8 x 10 38 s" 1 


(b) Let d es be the Earth to Sun distance, and R be the radius of Earth (see Appendix C). 
Earth represents a small cross section in the "sky" as viewed by a fictitious observer on 
the Sun. The rate of neutrinos intercepted by that area (very small, relative to the area of 
the full "sky") is 


^v.Earth 


( D 2 \ 


(l.8xlQ 38 s 1 )f 6 ,4xl0 6 m A 
15xl0 n m 


= 8.2 x 10 28 s- 1 


42. (a) We are given the energy release per fusion (calculated in §43-7: Q = 26.7 MeV = 

— 12 

4.28 x 10 J) and that four protons are consumed in each fusion event. To find how 
many sets of four protons are in the sample, we adapt Eq. 42-21: 


<4p 


4M £ 


lOOOg 


4(l.0g/mol) 


(6.02xl0 23 /mol) = 1.5xl0 26 


Multiplying this by Q gives the total energy released: 6.4 x IO 14 J. It is not required that 
the answer be in SI units; we could have used MeV throughout (in which case the answer 


is 4.0 x IO 27 MeV) 


(b) The number of U nuclei is 


N = 


lOOOg 
235g/mol 


(6.02 x 10 23 /mol) = 2.56 x IO 24 . 


If ali the U-235 nuclei fission, the energy release (using the result of Eq. 43-6) is 
N 235 Q íisslon = (2.56 x 10 22 )(200MeV) = 5.1 x IO 26 MeV = 8.2 x 10 13 J . 


We see that the fusion process (with regard to a unit mass of fuel) produces a larger 
amount of energy (despite the fact that the Q value per event is smaller). 


43. (a) The mass of a carbon atom is (12.0 u)(1.661 x 1CT 27 kg/u) = 1.99 x 1CT 26 kg, so 
the number of carbon atoms in 1 .00 kg of carbon is 

(1.00 kg)/(1.99 x IO" 26 kg) = 5.02 x IO 25 . 

The heat of combustion per atom is 

(3.3 x IO 7 J/kg)/(5.02 x IO 25 atom/kg) = 6.58 x 10" 19 J/atom. 
This is 4.11 eV/atom. 

(b) In each combustion event, two oxygen atoms combine with one carbon atom, so the 
total mass involved is 2(16.0 u) + (12.0 u) = 44 u. This is 

(44 u)( 1.661 x IO" 27 kg/u) = 7.31 x 10" 26 kg. 

Each combustion event produces 6.58 x 10" 19 J so the energy produced per unit mass of 
reactants is (6.58 x 10" 19 J)/(7.31 x IO" 26 kg) = 9.00 x IO 6 J/kg. 

(c) If the Sun were composed of the appropriate mixture of carbon and oxygen, the 
number of combustion events that could occur before the Sun burns out would be 

(2.0 x IO 30 kg)/(7.31 x IO" 26 kg) = 2.74 x 10 55 . 

The total energy released would be 

E = (2.74 x 10 55 )(6.58 x 10" 19 J) = 1.80 x IO 37 J. 

If P is the power output of the Sun, the burn time would be 


i= E = 1.80xl0"J =462xl0l „ s = 146xl0 3 
P 3.9xl0 26 W 


or 1.5xl0 3 y, to two significant figures. 


44. (a) The products of the carbon cycle are 2e + + 2 v + 4 He, the same as that of the 
proton-proton cycle (see Eq. 43-10). The difference in the number of photons is not 
significant. 

(b) ô carbon =ô 1 +ô 2 + --- + ô 6 =(1-95x1. 19 + 7.55 + 7.30 + 1.73 + 4.97)MeV = 24.7MeV, 

which is the same as that for the proton-proton cycle (once we subtract out the electron- 
positron annihilations; see Fig. 43-10): 


Q p „p = 26.7 MeV - 2(1.02 MeV) = 24.7 MeV. 


45. Since the mass of a helium atom is (4.00 u)(1.661 x 10 27 kg/u) = 6.64 x 10 27 kg, the 
number of helium nuclei originally in the star is 

(4.6 x IO 32 kg)/(6.64 x 10" 27 kg) = 6.92 x 10 58 . 

Since each fusion event requires three helium nuclei, the number of fusion events that can 
take place is 

iV= 6.92 x 10 58 /3 = 2.31 x 10 58 . 

If Q is the energy released in each event and t is the conversion time, then the power 
output is P = NQ/t and 

NO (2.31xl0 58 X7.27xl0 6 eV)(l.60xl0" 19 J/eV) 

t = ^ = ± ^ ^ ^ = 5.07xl0 15 s = 1.6xl0 8 y . 

P 5.3xl0 30 W 


46. The mass of the hydrogen in the Sun's core is m H = 0.35(|M Sun ) . The time it takes 
for the hydrogen to be entirely consumed is 

M (0.35)m(2.0xl0 30 kg) 

t = ^^ = — -± ^L^ = 5x 10 9 y . 

dm/dt (6.2 x IO 11 kg/s)(3.15 x IO 7 s/y) 


47. (a) The energy released is 

Q = (5m 2u -m 3He -m 4He -m, H -2m„)c 2 

= [5(2.014102u)-3.016029u-4.002603u-1.007825u-2(1.008665u)](931.5MeV/u) 
= 24.9MeV. 


(b) Assuming 30.0% of the deuterium undergoes fusion, the total energy released is 


E = NQ = 


r 0.300 M A 


Thus, the rating is 


2.6 x 10 2S MeV/megatonTNT 


(0.300)(500kg)(24.9MeV) 


5(2.0 u)(l.66 x IO" 27 kg/u)(2.6 x IO 28 MeV/megatonTNT) 
= 8.65 megaton TNT . 


48. In Eq. 43-13, 

Q = (2m 2R -m 3He -m n )c 2 = [2(2.014102u)-3.016049u-1.008665u](931.5MeV/u) 
= 3.27MeV . 

In Eq. 43-14, 

Q = (2m 2[j -m, H -m, H )c 2 =[2(2.014102u)-3.016049u -1.007825 u](931.5MeV/u) 
= 4.03MeV . 

Finally, in Eq. 43-15, 

Q = (m 2ii +m 3H -m 4iie -m n )c 2 

= [2.0 1 4 1 02 u + 3.0 1 6049 u - 4.002603 u - 1.008665 u](93 1.5 MeV/u) 
= 17.59 MeV . 


49. Since 1.00 L of water has a mass of 1.00 kg, the mass of the heavy water in 1.00 L is 

— 2 — 4 

0.0150 x 10 kg = 1.50 x 10 kg. Since a heavy water molecule contains one oxygen 
atom, one hydrogen atom and one deuterium atom, its mass is 

(16.0 u + 1.00 u + 2.00 u) = 19.0 u = (19.0 u)(1.661 x IO" 27 kg/u) = 3.16 x IO" 26 kg. 

The number of heavy water molecules in a liter of water is 

(1.50 x IO" 4 kg)/(3.16 x IO" 26 kg) = 4.75 x IO 21 . 

Since each fusion event requires two deuterium nuclei, the number of fusion events that 
can occur is N = 4.75 x 10 21 /2 = 2.38 x IO 21 . Each event releases energy 

g = (3.27 x 10 6 eV)(1.60x 10" 19 J/eV) = 5.23 x 10 13 J. 

Since ali events take place in a day, which is 8.64 x IO 4 s, the power output is 

NO (2.38xl0 21 )(5.23xl0" 13 j) 

P = — = 2 " = 1-44 x IO 4 W = 14.4 kW . 

t 8.64 x IO 4 s 


50. Conservation of energy gives Q = K a + K n , and conservation of linear momentum 
(due to the assumption of negligible initial velocities) gives \pj = lp n l- We can write the 
classical formula for kinetic energy in terms of momentum: 


K = —mv = 

2 2m 


which implies that K n = (mJm n )K a . 


(a) Consequently, conservation of energy and momentum allows us to solve for kinetic 
energy of the alpha particle which results from the fusion: 

K = Q - 17 ' 59MeV = 3.541MeV 

a l + (m a /m n ) 1 + (4.00 15 u/l. 008665 u) 

where we have found the mass of the alpha particle by subtracting two electron masses 
from the 4 He mass (quoted several times in this and the previous chapter). 

(b) Then, K n = Q - K a yields 14.05 MeV for the neutron kinetic energy. 


51. (a) From pa = 0.35/7 = n p m p , we get the proton number density n p : 

0.35p (0.35)(l.5xlQ 5 kg/m 3 ) 

n„ = — = 1 tz - = 3.1x10 m 

" m p 1.67 x IO" 27 kg 

(b) From Chapter 19 (see Eq. 19-9), we have 

N p 1.01 x 10 5 Pa , 5 

— = — = t « 77 r = 2 - 68 x 10 m 

V kT (l.38xl0" 23 J/K)(273K) 


for an ideal gas under "standard conditions." Thus, 


52. (a) From E = NQ = (M Sãm /4m p )Q we get the energy per kilogram of hydrogen 
consumed: 

E O (26.2MeV)(l.60xl(T 13 J/MeV) 

1 = 6.3 x IO 14 J/kg. 


M sam 4m p 4(1.67 x IO 27 kg) 

(b) Keeping in mind that a Watt is a Joule per second, the rate is 

dm 3.9xl0 26 W ,„ , 

— = = 6.2 x IO 11 kg/s . 

dt 6.3 x IO 14 J/kg ; 

This agrees with the computation shown in Sample Problem 43-5. 

(c) From the Einstein relation E = Mc 2 we get P = dEldt = c 2 dM/dt, or 


dM P 3.9xl0 26 W 


dt c 2 


(3.0 x IO 8 m/s)' 


= 4.3 x 10 kg/s 


(d) This finding, that dm I dt> dM I dt , is in large part due to the fact that, as the protons 
are consumed, their mass is mostly turned into alpha particles (helium), which remain in 
the Sun. 

(e) The time to lose 0.10% of its total mass is 

0.0010M (0.0010)(2.0xl0 30 kg) 

t = = 7 z — ^ — r = 1.5x10 y. 

dM/dt (4.3xl0 9 kg/s)(3.15xl0 7 s/y) 


53. Since Plutonium has Z = 94 and Uranium has Z = 92, we see that (to conserve charge) 
two electrons must be emitted so that the nucleus can gain a +2e charge. In the beta decay 
processes described in Chapter 42, electrons and neutrinos are emitted. The reaction 
series is as follows: 

238 U + n ^ 239 Np+ 239 u + e + v 

239 Np _> 239p u + e + v 


54. (a) Rather than use P(v) as it is written in Eq. 19-27, we use the more convenient nK 
expression given in Problem 43-32. The n(K) expression can be derived from Eq. 19-27, 
but we do not show that derivation here. To find the most probable energy, we take the 
deriv ative of n(K) and set the result equal to zero: 


dn{K) 


dK 


1.1 3n 


K=K„ 


(kT) 


3/2 


1 


K 


3/2 \ 


2K 


1/2 


kT 


-KlkT 


= 0, 


which gives K p =\kT. Specifically, for 7= 1.5 x IO 7 K we find 

K p =^r = ^-(8.62xl(T 5 eV/K)(1.5xl0 7 K) = 6.5xl0 2 eV 
or 0.65 keV, in good agreement with Fig. 43-10. 

(b) Eq. 19-35 gives the most probable speed in terms of the molar mass M, and indicates 
its derivation (see also Sample Problem 19-6). Since the mass m of the particle is related 
to M by the Avogadro constant, then using Eq. 19-7, 


2RT 2RT 2kT 


M 


mN A V 


m 


With T= 1.5 x IO 7 K and m = 1.67 xl0~ 27 kg, this yields v p = 5.0 xlO 5 m/s. 
(c) The corresponding kinetic energy is 


„ 1 2 1 

K v , P = 2 mv P = 2 m 


í 


2kT 


= kT 


V J m j 


which is twice as large as that found in part (a). Thus, at T = 1.5 x IO 7 K we have K v>p = 
1.3 keV, which is indicated in Fig. 43-10 by a single vertical line. 


55. At T = 300 K, the average kinetic energy of the neutrons is (using Eq. 20-24) 
K =-KT = -(8.62 x IO" 5 eV/ K)(300 K) * 0.04 eV. 


56. First, we figure out the mass of U-235 in the sample (assuming "3.0%" refers to the 
proportion by weight as opposed to proportion by number of atoms): 


M v _ 235 = (3.0%W 


(97%)m 238 +(3.0%)m 2 
(97%)m 238 + (3.0%)m 235 + 2m 


= (0.030)(1000 g) 
= 26.4 g. 


0.97(238) + 0.030(235) 
0.97(238) + 0.030(235) + 2(16.0) 


Next, this uses some of the ideas illustrated in Sample Problem 42-5; our notation is 


similar to that used in that example. The number of U nuclei is 


^ = (26.4g)(6.02xl0-/ m ol) =677xl0i; 
235 g / mol 


If ali the U-235 nuclei fission, the energy release (using the result of Eq. 43-6) is 


iV 235 g flssion = (6.77 x IO 22 ) (200 MeV) = 1.35 x 10 23 MeV = 2.17 x 10 1Z J 


25 


\12 


Keeping in mind that a Watt is a Joule per second, the time that this much energy can 
keep a 100-W lamp burning is found to be 


, = ^^1=2.17x10» ,. 690 y. 
100 w 


If we had instead used the Q = 208 MeV value from Sample Problem 43-1, then our 
result would have been 715 y, which perhaps suggests that our result is meaningful to just 
one significant figure ("roughly 700 years"). 


1 . The total rest energy of the electron-positron pair is 

E = m e c 2 + m e c 2 = 2m e c 2 = 2(0.5 1 1 MeV) = 1 .022 MeV . 


With two gamma-ray photons produced in the annihilation process, the wavelength of 
each photon is (using hc = 1240 eV • nm ) 

hc 1240eV-nm _ . „ 

Á = = = 2.43 x 10 nm = 2.43 pm. 

E/2 0.511xl0 6 eV 


2. Conservation of momentum requires that the gamma ray particles move in opposite 
directions with momenta of the same magnitude. Since the magnitude p of the 
momentum of a gamma ray particle is related to its energy by p = Ele, the particles have 
the same energy E. Conservation of energy yields m^c = 2E, where m n is the mass of a 
neutral pion. The rest energy of a neutral pion is m K c = 135.0 MeV, according to Table 
44-4. Hence, E = (135.0 MeV)/2 = 67.5 MeV. We use hc = 1240eV-nm to obtain the 
wavelength of the gamma rays: 

, 1240eV-nm . _ . .__ 5 . _ 

X = 2 = 1.84x10 nm = 18.4 fm. 

67.5xl0 6 eV 


3. We establish a ratio, using Eq. 22-4 and Eq. 14-1: 

^ gravity _ Gm 2 Jr 2 _ 4ns 0 Gm 2 e _ (6.67x10 " N-m 2 /C 2 )(9.11xlQ- 31 kg) 2 

^electnc ^ I ^ ^ £ ( 9 .Q X IO 9 N • ^ ^ ) (l .60 X 10 19 C)' 

= 2.4xl0~ 43 . 

Since F gravity « F ãectúc , we can neglect the gravitational force acting between particles in a 
bubble chamber. 


4. Since the density of water is p = 1000 kg/m = 1 kg/L, then the total mass of the pool is 
pV = 4.32 x 10 5 kg, where V is the given volume. Now, the fraction of that mass made up 

by the protons is 10/18 (by counting the protons versus total nucleons in a water 
molecule). Consequently, if we ignore the effects of neutron decay (neutrons can beta 
decay into protons) in the interest of making an order-of-magnitude calculation, then the 
number of particles susceptible to decay via this T í/2 = IO 32 y half-life is 


_ (10/18)M pool _ (10/18)(4.32xlQ 5 kg) 


N = - = v zl = 1.44x10 

m p 1. 67 x IO" 27 kg 


Using Eq. 42-20, we obtain 


„ Nln2 (I44xl0 32 )ln2 

R = = « ldecay/y 

T m 10 32 y 


5. By charge conservation, it is clear that reversing the sign of the pion means we must 
reverse the sign of the muon. In effect, we are replacing the charged particles by their 
antiparticles. Less obvious is the fact that we should now put a "bar" over the neutrino 
(something we should also have done for some of the reactions and decays discussed in 
the previous two chapters, except that we had not yet learned about antiparticles). To 
understand the "bar" we refer the reader to the discussion in §44-4. The decay of the 
negative pion is n~ — » ju~ + v. A subscript can be added to the antineutrino to clarify what 
"type" it is, as discussed in §44-4. 


6. (a) In SI units, the kinetic energy of the positive tau particle is 

K= (2200 MeV)(1.6 x 10" 13 J/MeV) = 3.52 x 10" 10 J. 

2 —10 

Similarly, mc = 2.85 x 10 J for the positive tau. Eq. 37-54 leads to the relativistic 
momentum: 

p = -ylK 2 +2Kmc 2 = —. J(3.52xl0" 10 j) 2 + 2(3.52xl0" 10 j)(2.85xl0 10 j) 

c 2.998x10 m/s ; V A ; 

which yields p = 1.90 x 10" 18 kg-m/s. 

(b) The radius should be calculated with the relativistic momentum: 

_ ymv _ p 
r ~\q\B ~ eB 

where we use the fact that the positive tau has charge e = 1.6 x 10~ 19 C. With B = 1.20 T, 
this yields r = 9.90 m. 


7. From Eq. 37-48, the Lorentz factor would be 

E 1.5xl0 6 eV 

Y 


mc 


20 eV 


= 75000. 


Solving Eq. 37-8 for the speed, we find 


Vl-(v/c) 2 


v = c, 1- 


which implies that the difference between v and c is 

~\ í í 


c-v = c 


1-1- 


1 


1- 


V 


1-A + 


where we use the binomial expansion (see Appendix E) in the last step. Therefore, 


f 1 ^ 


C-V x c 


V 2 Y J 


= (299792458 m/s) 


1 


2(75000) 2 


= 0.0266 m/s «2.7 cm/s. 


8. From Eq. 37-52, the Lorentz factor is 


, K 1 80MeV 

Y = 1 + — t = 1 + = 1-59. 

mc 2 135 MeV 


Solving Eq. 37-8 for the speed, we find 

Y= ; T^ V = C J 1 2 


which yields v = 0.778c or v = 2.33 x 10 m/s. Now, in the reference frame of the 
laboratory, the lifetime of the pion is not the given r value but is "dilated." Using Eq. 
37-9, the time in the lab is 

t = yT = (1.59)(8.3 x IO" 17 s) = 1.3 x 10 16 s. 

Finally, using Eq. 37-10, we find the distance in the lab to be 

^ = ví = (2.33xl0 8 m/s) (l.3xl0 -16 s) = 3.1xl0~ 8 m. 


9. Table 44-4 gives the rest energy of each pion as 139.6 MeV. The magnitude of the 
momentum of each pion is p % = (358.3 MeV)/c. We use the relativistic relationship 
between energy and momentum (Eq. 37-54) to find the total energy of each pion: 

E n = -sj(p n c) 2 +(m K c 2 ) 2 = V(358.3 MeV) 2 +(139.6 Mev) = 384.5 MeV. 

Conservation of energy yields 

m^ 2 = 2E K = 2(384.5 MeV) = 769 MeV. 


10. (a) Conservation of energy gives 

Q = K2 + K3 = Ei - E2 - £3 

where E refers here to the rest energies (mc ) instead of the total energies of the particles. 
Writing this as 

K2 + Ej - E\ = -(K3 + £3) 

and squaring both sides yields 

K2 + 2.K2E2 ~ ^TÍjEx — E 2 ) = + 2,K^E^ + E^ . 

Next, conservation of linear momentum (in a reference frame where particle 1 was at rest) 
gives \p2\ = \p3\ (which implies ipic) = ip^c) ). Therefore, Eq. 37-54 leads to 

K2 + 2K2E2 = + 2,K^E^ 

which we subtract from the above expression to obtain 

-2K 2 E l+ (E,-E 2 ) 2 = El 

This is now straightforward to solve for K 2 and yields the result stated in the problem. 
(b) Setting E 3 = 0 in 

and using the rest energy values given in Table 44-1 readily gives the same result for K M 
as computed in Sample Problem 44-1. 


11. (a) The conservation laws considered so far are associated with energy, momentum, 
angular momentum, charge, baryon number, and the three lepton numbers. The rest 
energy of the muon is 105.7 MeV, the rest energy of the electron is 0.511 MeV, and the 
rest energy of the neutrino is zero. Thus, the total rest energy before the decay is greater 
than the total rest energy after. The excess energy can be carried away as the kinetic 
energies of the decay products and energy can be conserved. Momentum is conserved if 
the electron and neutrino move away from the decay in opposite directions with equal 
magnitudes of momenta. Since the orbital angular momentum is zero, we consider only 
spin angular momentum. AU the particles have spin h/2 . The total angular momentum 
after the decay must be either h (if the spins are aligned) or zero (if the spins are 
antialigned). Since the spin before the decay is hl 2 angular momentum cannot be 
conserved. The muon has charge -<?, the electron has charge -e, and the neutrino has 
charge zero, so the total charge before the decay is -e and the total charge after is -e. 
Charge is conserved. AU particles have baryon number zero, so baryon number is 
conserved. The muon lepton number of the muon is +1, the muon lepton number of the 
muon neutrino is +1, and the muon lepton number of the electron is 0. Muon lepton 
number is conserved. The electron lepton numbers of the muon and muon neutrino are 0 
and the electron lepton number of the electron is +1. Electron lepton number is not 
conserved. The laws of conservation of angular momentum and electron lepton number 
are not obeyed and this decay does not occur. 

(b) We analyze the decay in the same way. We find that charge and the muon lepton 
number L are not conserved. 

(c) Here we find that energy and muon lepton number L cannot be conserved. 


12. (a) Noting that there are two positive pions created (so, in effect, its decay products 
are doubled), then we count up the electrons, positrons and neutrinos: 2e + +e~ + 5v + 4v. 

(b) The final products are ali leptons, so the baryon number of A 2 is zero. Both the pion 
and rho meson have integer-valued spins, so A 2 is a boson. 

(c) A 2 + is also a meson. 


(d) As stated in (b), the baryon number of A 2 is zero. 


13. To examine the conservation laws associated with the proposed decay process 
S~ — > 7r~ + n + K" + p , we make use of particle properties found in Tables 44-3 and 44-4. 

(a) With q(E~) = -l , q(7r) = -l,q(n)=0,q(K) = -l and g(p) = +l, we have 
-1 = -1 + 0 + (-1) + 1 . Thus, the process conserves charge. 

(b) Since B(E~) = +1 , B(x ) = 0, fi(n) = +1, B(K~) = 0 and fl(p) = +l, we have 
+1^0+1+0+1=2. Thus, the process does not conserve baryon number. 

(c) H~, n and p are fermions with s = 1/2, while n~ and K~ are mesons with spin zero. 
Therefore, +1/2^ 0 + (l/2) + 0 + (l/2) and the process does not conserve spin angular 
momentum. 


(d) Since 5(S") = -2 , S(x~) = 0, 5(n) = 0, S(K") = -1 and S(p) = 0, we have 
-2 ^ 0 + 0 + (-!) + 0 so the process does not conserve strangeness. 


14. To examine the conservation laws associated with the proposed reaction 
p + p — > A° + E + + e~ , we make use of particle properties found in Tables 44-3 and 44-4. 

(a) With q(p) = +1, qÇp) = -1, q(A°) = 0, q(Z + ) = +l and q(e~) = -l , we have 
l + (— 1) = 0 + 1 + (-1) . Thus, the process conserves charge. 

(b) With fl(p) = +l,fl(p) = -l, 5(A°) = 1, fl(Z + ) = +l and B(e~) = 0 , we have 
1 + (-1) ^ 1 + 1 + 0 . Thus, the process does not conserve baryon number. 

(c) With L e (p) = L e (p) = 0, L e (A°) = L c (E + ) = 0 and L e {e~) = 1 , we have 0 + 0 * 0 + 0 + 1 , 
so the process does not conserve electron lepton number. 

(d) AU the particles on either side of the reaction equation are fermions with 5 = 1/2. 
Therefore, (1/2) + (1/2) ^ (1/2) + (1/2) + (1/2) and the process does not conserve spin 
angular momentum. 

(e) With 5(p) = S(p) = 0, 5(A°) = 1, 5(E + )=+l and S(e~) = 0, we have 0 + 0*1 + 1 + 0, 
so the process does not conserve strangeness. 

(f) The process does conserve muon lepton number since ali the particles involved have 
muon lepton number of zero. 


15. For purposes of deducing the properties of the antineutron, one may cancel a proton 
from each side of the reaction and write the equivalent reaction as 

n + — > p = h. 

Particle properties can be found in Tables 44-3 and 44-4. The pion and proton each have 
charge +e, so the antineutron must be neutral. The pion has baryon number zero (it is a 
meson) and the proton has baryon number +1, so the baryon number of the antineutron 
must be -1. The pion and the proton each have strangeness zero, so the strangeness of the 
antineutron must also be zero. In summary, for the antineutron, 

(a) 4 = 0, 

(b) fl = -l, 

(c) and 5 = 0. 


16. (a) Referring to Tables 44-3 and 44-4, we find that the strangeness of K is +1, while 
it is zero for both k + and ri~. Consequently, strangeness is not conserved in this decay; 
K° — > n + + n~ does not proceed via the strong interaction. 

(b) The strangeness of each side is -1, which implies that the decay is governed by the 
strong interaction. 

(c) The strangeness or A° is -1 while that of p+7t~ is zero, so the decay is not via the 
strong interaction. 

(d) The strangeness of each side is -1; it proceeds via the strong interaction. 


17. (a) The lambda has a rest energy of 1115.6 MeV, the proton has a rest energy of 
938.3 MeV, and the kaon has a rest energy of 493.7 MeV. The rest energy before the 
decay is less than the total rest energy after, so energy cannot be conserved. Momentum 
can be conserved. The lambda and proton each have spin hl 2 and the kaon has spin zero, 
so angular momentum can be conserved. The lambda has charge zero, the proton has 
charge +e, and the kaon has charge -e, so charge is conserved. The lambda and proton 
each have baryon number +1, and the kaon has baryon number zero, so baryon number is 
conserved. The lambda and kaon each have strangeness -1 and the proton has strangeness 
zero, so strangeness is conserved. Only energy cannot be conserved. 

(b) The omega has a rest energy of 1680 MeV, the sigma has a rest energy of 1197.3 
MeV, and the pion has a rest energy of 135 MeV. The rest energy before the decay is 
greater than the total rest energy after, so energy can be conserved. Momentum can be 
conserved. The omega and sigma each have spin hl 2 and the pion has spin zero, so 
angular momentum can be conserved. The omega has charge -e, the sigma has charge -e, 
and the pion has charge zero, so charge is conserved. The omega and sigma have baryon 
number +1 and the pion has baryon number 0, so baryon number is conserved. The 
omega has strangeness -3, the sigma has strangeness -1, and the pion has strangeness 
zero, so strangeness is not conserved. 

(c) The kaon and proton can bring kinetic energy to the reaction, so energy can be 
conserved even though the total rest energy after the collision is greater than the total rest 
energy before. Momentum can be conserved. The proton and lambda each have spin h/2 
and the kaon and pion each have spin zero, so angular momentum can be conserved. The 
kaon has charge -<?, the proton has charge +e, the lambda has charge zero, and the pion 
has charge +e, so charge is not conserved. The proton and lambda each have baryon 
number +1, and the kaon and pion each have baryon number zero; baryon number is 
conserved. The kaon has strangeness -1, the proton and pion each have strangeness zero, 
and the lambda has strangeness -1, so strangeness is conserved. Only charge is not 
conserved. 


18. (a)FromEq. 37-50, 


Q 

(b) Similarly, 

Q 


-Ame 2 = (m i+ +m K+ -m + -m p )c 2 

1189.4MeV + 493.7MeV-139.6MeV-938.3MeV 

605MeV. 


-Ame 2 =(w A „ + m o - -m p )c 2 

1 1 15.6 MeV + 135.0 MeV - 493.7 MeV - 938.3 MeV 

-181MeV. 


19. The formula for T z as it is usually written to include strange baryons is T z = q - (S + 
B)I2. Also, we interpret the symbol q in the T z formula in terms of elementary charge 
units; this is how q is listed in Table 44-3. In terms of charge q as we have used it in 
previous chapters, the formula is 

e 2 

For instance, T z =+ \ for the proton (and the neutral Xi) and T z =- \ for the neutron (and 
the negative Xi). The baryon number B is +1 for ali the particles in Fig. 44-4(a). Rather 
than use a sloping axis as in Fig. 44-4 (there it is done for the q values), one reproduces 
(if one uses the "corrected" formula for T z mentioned above) exactly the same pattern 
using regular rectangular axes (T z values along the horizontal axis and Y values along the 
vertical) with the neutral lambda and sigma particles situated at the origin. 


20. Conservation of energy (see Eq. 37-47) leads to 

K f = -Ame 2 +K ! =(m _ - m _ -m„)c 2 + K, 

J S TC 

= 1 1 97.3 MeV - 1 39.6 MeV - 939.6 MeV + 220 MeV 
= 338MeV. 


21. (a) As far as the conservation laws are concerned, we may cancel a proton from each 
side of the reaction equation and write the reaction as p — > A° + x. Since the proton and 
the lambda each have a spin angular momentum of h/2, the spin angular momentum of x 
must be either zero or h . Since the proton has charge +e and the lambda is neutral, x must 
have charge +e. Since the proton and the lambda each have a baryon number of +1, the 
baryon number of x is zero. Since the strangeness of the proton is zero and the 
strangeness of the lambda is -1, the strangeness of x is +1. We take the unknown particle 
to be a spin zero meson with a charge of +e and a strangeness of +1. Look at Table 44-4 
to identify it as a K + particle. 

(b) Similar analysis tells us that x is a spin-y antibaryon (B = -1) with charge and 
strangeness both zero. Inspection of Table 44-3 reveals it is an antineutron. 

(c) Here x is a spin-0 (or spin-1) meson with charge zero and strangeness +1. According 
to Table 44-4, it could be a K° particle. 


22. (a) From Eq. 37-50, 


Q = -Ame = (m o -m -m _)c 


"A" ' ' P 

= 1 1 15.6 MeV - 938.3 MeV - 139.6 MeV = 37.7 MeV. 


(b) We use the formula obtained in Problem 44-10 (where it should be emphasized that E 
is used to mean the rest energy, not the total energy): 


K = 


1 


2£ A 


{E A -E p f-El 


(1 1 15.6 MeV - 938.3 MeV) 2 - (139.6 MeV) 2 
2(1 11 5.6 MeV) 


= 5.35 MeV. 


(c) By conservation of energy, 

K =Q-K =37.7MeV-5.35MeV = 32.4 MeV. 

71 ^ P 


23. (a) The combination ssu has a total charge of (—j-j + j) = 0, and a total strangeness 
of - 2. From Table 44-3, we find it to be the H° particle. 

(b) The combination dds has a total charge of ( _ {-l _ {) = -l, and a total strangeness 
of -1. From Table 44-3, we find it to be the 2T 

particle. 


24. (a) The combination ddu has a total charge of (-j-j + j) = 0, and a total strangeness 
of zero. From Table 44-3, we find it to be a neutron (n). 

(b) For the combination uus, we have <2 = +f + f-} = l and 5 = 0 + 0-1= -1. This is 
the E + particle. 

(c) For the quark composition ssd, we have Q = -\-\-j = -l and 5 = -l-l+0 = -2. 
This is a 5 " . 


25. The meson K is made up of a quark and an anti-quark, with net charge zero and 
strangeness S = -1 . The quark with S = -1 is s . By charge neutrality condition, the anti- 
quark must be d . Therefore, the constituents of K° are s and d . 


26. (a) Using Table 44-3, we find q = O and S = -1 for this particle (also, 5=1, since that 
is true for ali particles in that table). From Table 44-5, we see it must therefore contain a 
strange quark (which has charge -1/3), so the other two quarks must have charges to add 
to zero. Assuming the others are among the lighter quarks (none of them being an anti- 
quark, since 5 = 1), then the quark composition is sud . 

(b) The reasoning is very similar to that of part (a). The main difference is that this 
particle must have two strange quarks. Its quark combination turns out to be uss . 


27. (a) We indicate the antiparticle nature of each quark with a "bar" over it. Thus, u u d 
represents an antiproton. 

(b) Similarly, udd represents an antineutron. 


28. If we were to use regular rectangular axes, then this would appear as a right triangle. 
Using the sloping q axis as the problem suggests, it is similar to an "upside down" 
equilateral triangle as we show below. 



The leftmost slanted line is for the -1 charge, and the rightmost slanted line is for the +2 
charge. 


29. (a) Looking at the first three lines of Table 44-5, since the particle is a baryon, we 
determine that it must consist of three quarks. To obtain a strangeness of -2, two of them 
must be s quarks. Each of these has a charge of -e/3, so the sum of their charges is -2e/3. 
To obtain a total charge of e, the charge on the third quark must be 5e/3. There is no 
quark with this charge, so the particle cannot be constructed. In fact, such a particle has 
never been observed. 

(b) Again the particle consists of three quarks (and no antiquarks). To obtain a 
strangeness of zero, none of them may be s quarks. We must find a combination of three 
u and d quarks with a total charge of 2e. The only such combination consists of three u 
quarks. 


30. From y= 1 + Klmc 2 (see Eq. 37-52) and v = fie = c^/l-y 2 (see Eq. 37-8), we get 


v = cjl- 


-2 


V me ) 


(a) Therefore, for the E particle, 


v = (2.9979 x 10 8 m/s) 1- 


\ 1000MeV V ~ 
1 + 


1385MeV y 


= 2.4406 x 10 8 m/s. 


For S 


o 


v' = (2.9979xl0 8 m/s) 1- 


1 + 


1000 MeV 1 
1 192.5 MeV 


= 2.5 157 x 10 8 m/s. 


Thus E° moves faster than 


(b) The speed difference is 

Av = V - v = (2.5 157 - 2.4406)(1 0 8 m/s) = 7.5 lx IO 6 m/s . 


31. We apply Eq. 37-36 for the Doppler shift in wavelength: 


AÀ, _ v 
X c 


where v is the recessional speed of the galaxy. We use Hubble's law to find the 
recessional speed: v = Hr, where r is the distance to the galaxy and H is the Hubble 

constant (21.8x10 Thus, 


and 


v = (21.8xl(T 3 m/s-ly)(2.40xl0 8 ly) = 5.23xl0 6 m/s 

(656.3 nm) = 11.4 nm . 


v 

AX = -X- 


5.23xl0 6 m/s^ 


v 3.00xl0 6 m/s j 


Since the galaxy is receding, the observed wavelength is longer than the wavelength in 
the rest frame of the galaxy. Its value is 656.3 nm + 1 1.4 nm = 667.7 nm « 668 nm. 


32. (a) Using Hubble's law given in Eq. 44-19, the speed of recession of the object is 
v = Hr = (0.0218 m/s -ly )(l.5xl0 4 ly ) = 327 m/s. 

Therefore, the extra distance of separation one year from now would be 

d = vt = (327 m/s)(365 d)(86400 s/d) = 1 .0 x 10 10 m. 
(b) The speed of the object is v = 327 m/s « 3.3 x IO 2 m/s. 


33. Letting v = Hr = c,we obtain 


34. Since 

the speed of the receding galaxy is v = f3c = 3c 1 5 . Therefore, the distance to the galaxy 
when the light was emitted is 

r = v = /?c = (3/5)c = (0.60X2.998 x IO 8 m/s) =g 3xlQ 9 j 
r H H H 0.0218 m/s-ly ' Y ' 


35. First, we find the speed of the receding galaxy from Eq. 37-31: 


l-(///o) 2 _l-(^oA) 2 


P l + (/// 0 ) 2 l + (XJX) 2 

1- (590.0 nm/602.0 nm) 2 =0()2()| , 


1 + (590.0 nm/602.0 nm) 2 


where we use/= c/X and fç, = c/Xq. Then from Eq. 44-19, 


v fí r (0.02013)Í2.998xl0 8 m/s) 

r = JL = P^ = S A Li = 2 .77xl0 8 ly 

// // 0.0218 m/s-ly 


36. Using Eq. 39-33, the energy of the emitted photon is 


E = E 3 -E 2 =-(13.6eV) 


_L__L 

¥ 2 1 


= 1.89eV 


and its wavelength is 


hc 1240 eV- nm 7 

A, = — = = 6.56x10 m 

0 E 1.89 eV 


Given that the detected wavelength is Â = 3.00x 10 3 m , we find 

X 3.00 x IO" 3 m 


X 0 6.56 x IO" 7 m 


= 4.57x10' 


37. (a) From/ = c/À, and Eq. 37-31, we get 


X,=X fi— £ = (À 0 + ÀA,) V—P- . 


Dividing both sides by Xo leads to 


where z = AÂ/À 0 . We solve for /?: 


1 + /? 


(l + z) 2 -l z 2 +2z 


(1 + z) 2 +1 z 2 +2z + 2 
(b) Now z = 4.43, so 


(4.43) +2(4.43) 

^ = — / * '— = 0.934 

(4.43) +2(4.43) + 2 


(c) From Eq. 44-19, 


v Re ( 0.934 )( 3.0 x 10 8 m/s) 

r = — = ^ = - ^ ^ = 1.28x 

H H 0.0218m/s-ly 


38. (a) Letting 

v(r) = Hr<v e = -JlGM/r, 

we get M/r 3 > H 2 /2G. Thus, 

- M 3 Af 3H 2 
P ~ 4nr 2 /3 ~ 4ti r 5 " - 8ttG' 

(b) The density being expressed in H-atoms/m is equivalent to expressing it in terms of 
Po = m H /m 3 = 1.67 x 1CT 27 kg/m 3 . Thus, 

3 //2 3(0.0218m/s-ly) 2 (l.001y/9.460xl0 15 mf ÍHatorns/m 3 ) 

P = Hatoms/m 3 ) = — -. — * '—^ — r '- 

SnGp Q x ' 87r(6.67xl0" n m 3 /kg-s 2 )(l.67xl0" 27 kg/m 3 ) 

= 5.7 H atoms/m 3 . 


39. (a) From Eq. 41-29, we know that N 2 /N l = e - AE/kT . We solve for AE: 


AE = kT\n^ = (s.62xlO- 5 eV/K)(2.7K)lr/ 1 " ° ' 25 
= 2.56 x IO" 4 eV* 0.26 meV. 


0.25 


(b) Using hc = 1240eV • nm, we get 


. hc 1240eV-nm 6 

X, = = -; = 4.84x 10 nm « 4.8mm. 

AE 2.56xlO~ 4 eV 


40. From F grav = GMm/ r 2 = mv 2 /r we find M <x>v 2 . Thus, the mass of the Sun would be 


M[ = 


^Mercury 
V V Pluto J 


M. = 


47.9 km/s 
4.74 km/s 


M. =102M„ 


41. (a) The mass M within Earth's orbit is used to calculate the gravitational force on 
Earth. If r is the radius of the orbit, R is the radius of the new Sun, and M s is the mass of 
the Sun, then 


M = 


( r \ 3 


M, 


^1.50xlO n m V 
v 5.90 x IO 12 mj 


(1.99 x 10 30 kg) = 3.27 x IO 25 kg 


The gravitational force on Earth is given by CMm/r 2 , where m is the mass of Earth and 
G is the universal gravitational constant. Since the centripetal acceleration is given by v Ir, 
where v is the speed of Earth, GMm/ r 2 = mv 2 /r and 


v = 


\Õm 1(6.67 x 10" 11 m 3 /s 2 -kg)(3.27 x IO 25 kg) 
\~~r~~\ 1.50 x 10 11 m 


21 x IO 2 m/s 


(b) The ratio is 


1.21xlQ 2 m/s 
2.98 x 10 4 m/s 


= 0.00406. 


(c) The period of revolution is 


2nr 27r(l.50xl0 n m) 
= = ~ = 7.i 


1.21 x 10 m/s 


82xl0 9 s = 248y 


42. (a) The mass of the portion of the galaxy within the radius r from its center is given 
by M' = (r/R) 3 M . Thus, from GM'mlr 2 = mv 2 /r (where m is the mass of the star) we 
get 


v = . 


GM' 


\GM( r ^ 


kRj 


= r 


GM 


1 R 3 


(b) In the case where M' = M, we have 


j _ 2 7tr _ / r 2nr 3/2 


GM 4GM 


43. (a) For the universal microwave background, Wien's law leads to 

_ 2898 jum-K 2898 mm- K _ 
7 — — — 2.6 K . 

^max 11 mm 

(b) At "decoupling" (when the universe became approximately "transparent"), 

2898/mi-K 2898/mi-K 

A, = " = " = 0.976 um = 976 nm. 

T 2970K 


44. (a) We substitute X = (2898 //m-K)/rinto the expression: 


E= hc/Â = (1240 eV-nm)M,. 

First, we convert units: 


Thus, 


2898 jum-K = 2.898 x 10 6 nm-K and 1240 eV-nm = 1.240 x IO 3 MeV-nm. 


( 1.240 x 10 MeV • nm)r . 

E = t — = (4.28 x 10~ 10 MeV/K)r 

2.898 x IO 6 nm-K v ; ; 


(b) The minimum energy required to create an electron-positron pair is twice the rest 
energy of an electron, or 2(0.511 MeV) = 1.022 MeV. Hence, 

T - E - 1.022 MeV =239xlQ 9 K 

4.28 x 10~ 10 MeV/K 4.28 x 10~ 10 MeV/K 


45. The energy released would be twice the rest energy of Earth, or 

E = 2mc 2 = 2(5.98 x IO 24 kg)(2.998 x IO 8 m/s) 2 = 1.08 x IO 42 J. 
The mass of Earth can be found in Appendix C. 


46. We note from track 1, and the quantum numbers of the original particle (A), that 
positively charged particles move in counterclockwise curved paths, and — by 
inference — negatively charged ones move along clockwise ares. This immediately 
shows that tracks 1, 2, 4, 6, and 7 belong to positively charged particles, and tracks 5, 8 
and 9 belong to negatively charged ones. Looking at the fictitious particles in the table 
(and noting that each appears in the cloud chamber once [or not at ali]), we see that this 
observation (about charged particle motion) greatly narrows the possibilities: 

tracks 2,4,6,7, <->• particles C,F,H, J 
tracks 5,8,9 <-> particles D, E, G 

This tells us, too, that the particle that does not appear at ali is either B or I (since only 
one neutral particle "appears"). By charge conservation, tracks 2, 4 and 6 are made by 
particles with a single unit of positive charge (note that track 5 is made by one with a 
single unit of negative charge), which implies (by elimination) that track 7 is made by 
particle H. This is confirmed by examining charge conservation at the end-point of track 
6. Having exhausted the charge-related information, we turn now to the fictitious 
quantum numbers. Consider the vertex where tracks 2, 3 and 4 meet (the Whimsy number 
is listed here as a subscript): 

tracks 2,4 <->• particles C 2 ,F (j ,J_ 6 
tracks 3 <-> particle B 4 or I 6 

The requirement that the Whimsy quantum number of the particle making track 4 must 
equal the sum of the Whimsy values for the particles making tracks 2 and 3 places a 
powerful constraint (see the subscripts above). A fairly quick trial and error procedure 
leads to the assignments: particle F makes track 4, and particles J and / make tracks 2 and 
3, respectively. Particle B, then, is irrelevant to this set of events. By elimination, the 
particle making track 6 (the only positively charged particle not yet assigned) must be C. 
At the vertex defined by 

A->F + C + (track5)_ , 

where the charge of that particle is indicated by the subscript, we see that Cuteness 
number conservation requires that the particle making track 5 has Cuteness = -1, so this 
must be particle G. We have only one decision remaining: 

tracks 8,9, <-> particles D, £ 

Re-reading the problem, one finds that the particle making track 8 must be particle D 
since it is the one with seriousness = 0. Consequently, the particle making track 9 must be 
E. 


Thus, we have the following: 


(a) Particle A for track 1. 

(b) Particle J for track 2. 

(c) Particle / for track 3. 

(d) Particle F for track 4. 

(e) Particle G for track 5. 

(f) Particle C for track 6. 

(g) Particle H for track 7. 

(h) Particle D for track 8. 

(i) Particle E for track 9. 


47. Since only the strange quark (s) has non-zero strangeness, in order to obtain S = -1 
we need to combine s with some non-strange anti-quark (which would have the negative 
of the quantum numbers listed in Table 44-5). The difficulty is that the charge of the 
strange quark is -1/3, which means that (to obtain a total charge of +1) the anti-quark 
would have to have a charge of +-§■ . Clearly, there are no such anti-quarks in our list. 
Thus, a meson with S = -1 and q = +1 cannot be formed with the quarks/anti-quarks of 
Table 44-5. Similarly, one can show that, since no quark has q = -j, there cannot be a 
meson with S = +1 and q = -1. 


48. Assuming the line passes through the origin, its slope is 0.40c/(5.3 x IO 9 ly). Then, 


T= 1 = 1 = 5-3xl0 9 ly = 5.3xl0V , i3;a()9 
H slope 040c 040 


49. (a) We use the relativistic relationship between speed and momentum: 


mv 

p = ymv ■■ 


which we solve for the speed v: 


V -= II- 


(/?c/mc 2 ) +1 

For an antiproton mc 2 = 938.3 MeV and pc = 1.19 GeV = 1 190 MeV, so 


v = c \\ = = 0.785c. 

(1190 MeV/938.3 MeV) + 1 

(b) For the negative pion mc = 193.6 MeV, and pc is the same. Therefore, 


v = c 1 = = 0.993c. 

^| (1 190 MeV/1 93.6 MeV) +1 

(c) Since the speed of the antiprotons is about 0.78c but not over 0.79c, an antiproton will 
trigger C2. 

(d) Since the speed of the negative pions exceeds 0.79c, a negative pion will trigger Cl. 

(e) We use At = d/v, where d = 12 m. For an antiproton 

At = -, ^ = 5.1xl0~ 8 s = 51ns. 

0.785(2.998xl0 8 m/s) 


(f) For a negative pion 


1 O 

Aí = ^— = 4.0 x IO" 8 s = 40ns 

0.993(2.998 x IO 8 m/s) 


50. (a) Eq. 44-14 conserves charge since both the proton and the positron have q = +e 
(and the neutrino is uncharged). 

2 2 2 

(b) Energy conservation is not violated since m p c > m e c + m v c . 

(c) We are free to view the decay from the rest frame of the proton. Both the positron and 
the neutrino are able to carry momentum, and so long as they travei in opposite directions 
with appropriate values of p (so that ^ p = 0) then linear momentum is conserved. 

(d) If we examine the spin angular momenta, there does seem to be a violation of angular 
momentum conservation (Eq. 44-14 shows a spin-one-half particle decaying into two 
spin-one-half particles). 


51. (a) During the time interval Aí, the light emitted from galaxy A has traveled a 
distance cAt. Meanwhile, the distance between Earth and the galaxy has expanded from r 
to r' = r + ra At. Let cAt = r' = r + raAt , which leads to 


At = 


c-ra 


(b) The detected wavelength X' is longer than X by XaAt due to the expansion of the 
universe: X' = X + XaAt. Thus, 

AX X'-X , ar 

= aAt = . 


c-ar 


X X 

(c) We use the binomial expansion formula (see Appendix E): 


/, , « .,nx n(n-í)x 2 

(í±x) =1± — + — — + 

V ' 1! 


2! 


(* < i) 


to obtain 


A^ ar ar {\ ar ^\ l _ ar 

c ) c 


X c-ar c 


1 + - 


1! 


ar ( 1 ) ( 2 ) / ar 


V c ) 


+ - 


2! 


V c ) 


+ 


ar 
« — + 

f ar^ 

2 

+ 

f ar^ 

c 

v c J 


v c ) 


(d) When only the first term in the expansion for AX/X is retained we have 


(e) We set 


AX ar 
X c 

AX _v Hr 

X c c 


and compare with the result of part (d) to obtain a = H. 
(f) We use the formula AX/X = ar /{c-ar) to solve for r: 

c(AX/X) (2.998xl0 8 m/s)(0.050) 


r = 


a (1 + AX/X) (0.0218 m/s • ly) (l + 0.050) 


= 6.548 x 10 s ly «6.5 xl0 s ly. 


(g) From the result of part (a), 


r (6.5xl0 8 ly)(9.46xl0 15 m/ly) 
A t = = ^ iZi _1Z = 2 17 x 10 s 

c-ar 2.998xl0 8 m/s-(0.0218m/s-ly)(6.5xl0 8 ly) 


which is equivalent to 6.9 x 10 y. 
(h) Letting r = cAt, we solve for At: 


. r 6.5xl0 8 ly £C 1a8 
At = - = = 6.5 x 10 y . 

c c 

(i) The distance is given by 

r = cAt = c (6.9 x 10 8 y) = 6.9 x 10 8 ly . 

(j) From the result of part (f), 

c(AX/X) (2.998xl0 8 m/s)(0.080) 

r, =— ± — 1 -^— = -± — ^- = 1.018xl0 9 ly «1.0xl0 9 ly. 

B a(l + AX/X) (0.0218 mm/s -ly)(l + 0.080) 

(k) From the formula obtained in part (a), 

r (l.0xl0 9 ly)(9.46xl0 15 m/ly) 

^ — — i US Ljlz = 3 4x10 s 

B c-r B a 2.998xl0 8 m/s-(l.0xl0 9 ly)(0.0218m/s-ly) 

which is equivalent to 1.1 x IO 9 y. 

(1) At the present time, the separation between the two galaxies A and B is given by 
r now = cAt B -cAt A . Since r now = r the n + r then aAt, we get 

n h e„=7^ = 3.9xl0 8 ly. 
1 + aAt 


52. Using Table 44-1, the difference in mass between the muon and the pion is 

. (33.9MeV)(l.60xlCT 13 J/MeV) 

Am = (139.6 MeV/c 2 - 105.7 Me V/c 2 ) = i _ / 

(2.998 x IO 8 m/s) 

= 6.03 x 1(T 29 kg. 


